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ABSTRACT 
Development and application of chemical probes for vibrational 




During the last decade, Raman microscopy is experiencing rapid development and 
increasingly applied in biological and medical systems. Especially, stimulated Raman scattering 
(SRS) microscopy, which significantly improves the sensitivity of Raman scattering through 
stimulated emission, has allowed direct visualization of many species that are previously 
challenging with conventional fluorescence imaging. Compared to fluorescence, SRS imaging 
requires no label or small label on the target molecule, thus with minimal perturbation to the 
molecule of interest. Moreover, Raman scattering is free from complicated photophysical and 
photochemical processes such as photobleaching, and has intrinsically narrower linewidth than 
fluorescence emission. This allows multiplexed Raman imaging with minimal spectral crosstalk 
and excellent photo-stability. 
To achieve the full potential of Raman microscopy, vibrational probes have been 
developed for Raman imaging. Multiple Raman probes with a few atoms in size are applied in 
Raman imaging with high sensitivity and specificity. An overview of both fluorescence and 
Raman microscopy and their imaging probes is given in Chapter 1 with a brief discussion on the 
SRS theory.  
Built on the current progress of Raman microscopy and vibrational probes, I write on my 
research in the development of carbon-deuterium, alkyne and nitrile probes for visualizing 
choline metabolism (Chapter 2), glucose uptake activity (Chapter 3), complex brain metabolism 
(Chapter 4) and polymeric nanoparticles (Chapter 5) in live cells and tissues, as well as the 
development of polyyne-based vibrational probes for super-multiplexed imaging, barcoding and 
analysis (Chapter 6).  
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Overview of fluorescence and Raman microscopy and their imaging probes 
 
Abstract 
This chapter gives a brief background on two optical imaging techniques, fluorescence and 
Raman scattering microscopy. A more detailed description is written on coherent Raman 
scattering, which the thesis is based on. Stimulated Raman scattering is compared with coherent 
anti-Stokes Raman scattering in the signal size, detection scheme, sensitivity, and non-resonant 
background. Besides the physical theory, especial attentions are given to the role of chemical 
probes in optical imaging. Recently, there has been a resurgence in developing modern organic 
dyes for fluorescence imaging, and Raman imaging with vibrational probes is an emerging field 




1.1 Fluorescence microscopy 
Cells are complex machineries with intricate functions, which require the spatial and 
temporal coordination of many species such as proteins, nucleic acids, lipids, glycans and small 
molecule metabolites. The ability to visualize the organization and dynamics of molecules inside 
cells plays a crucial role in understanding the complex biological system. Optical microscopy 
revolutionizes modern biology by providing non-invasive and non-destructive imaging at the 
cellular level. Among them, fluorescence microscopy is the most popular optical method that has 
proven powerful in studying complex biological systems, with superior spatial and temporal 
resolution, high sensitivity, specificity and compatibility with living cells, tissues and organisms. 
Till today, many microscope techniques have been developed for fluorescence imaging, from 
commonly-used wide-field microscopy, laser-scanning confocal microscopy, to more advanced 
super-resolution microscopy based on either structured illumination, photo-control or stimulated 
emission as well as light-sheet microscopy and etc., These significant developments in optical 
physics and engineering have been applied to reveal fundamental processes in biology and 
redefine the boundary of our understanding, such as in visualizing three-dimensional structures 
of macromolecular assembly1, tracking single protein movements2, mapping cellular organelle 





Fig. 1.1 Structures of common fluorescent probes. Classic organic dyes: 1 coumarin, 2 
fluorescein, and 3 tetramethylrhodamine. Modern organic dyes: 4 Alexa Fluor 488, 5 Janelia 
Fluor 549, and 6 Si-rhodamine. Fluorescent protein and inorganic material: 7 green fluorescent 
protein5 and 8 quantum dot heterostructure6.  
 
1.2 Fluorescent probes 
For all fluorescence techniques, fluorophores are essential and a great diversity has been 
developed for this purpose, including organic dyes, fluorescent proteins and inorganic materials 
such as quantum dots (Fig. 1.1). Organic dyes are the first to be used in fluorescence imaging. 
The synthesis of organic dyes dates back to over 100 years ago, with the pioneer of coumarins 1, 
4 
 
fluorescein 2 and rhodamines 3 that are still often used. Further optimizations on these classic 
dyes in the last 20 years have generated modern fluorescent dyes such as Alexa7, JF dyes8 (4, 5) 
and Si-rhodamines9 6 with increased solubility, brightness, red-shifted spectra and specialized 
properties for advanced imaging experiments. Then, green fluorescent protein (GFP, 7), which 
was discovered in the 1960s and awarded the Nobel Prize in Chemistry in 2008, suddenly 
changes the landscape of biological imaging. After extensive engineering on wildtype GFP 
structure5, fluorescent proteins with improved brightness, photo-stability, folding structure and a 
broad spectrum of colors have been developed. With the distinct advantage of genetic 
encodability and specific fusion to a protein of interest, it has quickly dominated the field of 
protein imaging in most biological systems from bacteria, yeasts to fish and mammals. Besides 
organic dyes and fluorescent proteins, quantum dots 8 are another class of fluorophores that also 
gain significant attention in fluorescence microscopy, ever since its discovery and thorough 
study from early 1980s6. Quantum dots have superior brightness, photo-stability with single 
wavelength excitation and narrow emission peaks, the color of which can be tuned from violet to 
deep red by changing the physical size and the resulting quantum confinement. These 
extraordinary optical properties make them particularly attractive for long-term fluorescence 
imaging and tracking in cellular systems. 
When it comes to cellular systems, more considerations have to be taken into account in 
developing fluorescent probes, such as cytotoxicity, cell-membrane permeability, compatibility 
with cellular environment with minimal non-specific interaction, and perturbation to the 
biomolecule of interest and so on. Generally speaking, cellular application of fluorescence 
imaging can be divided into two main fields. One is protein and nucleic acid imaging in fixed 
and permeabilized cells by antibody immuno-staining and fluorescence in situ hybridization 
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(FISH)10. The other is live-cell imaging. Due to the dramatic changes in the cellular state, these 
two fields have different requirements on the physicochemical properties of fluorophores. For 
immunofluorescence and FISH in fixed cells, water soluble organic dyes or quantum dots are 
preferred in both the labeling steps of antibodies and oligonucleotides, and the preservation of 
binding affinity in labeled species. Sulfonate group is often added to organic dyes for improved 
solubility. For live-cell imaging, fluorophores with low cytotoxicity, high cell permeability, and 
weak intracellular non-specific background are demanded. This requires the careful balance of 
hydrophobicity, solubility and surface charges in molecules. For example, fluorogenic probes 
that can pass the cell membrane in non-fluorescent form and become fluorescent upon binding to 
the target are highly desired9, and surface coated quantum dots with reduced toxicity and 
enhanced intracellular delivery are developed with extensive efforts11.  
Other than the practical concerns in the development of fluorescent probes, however, 
there are several fundamental limitations in fluorescence. First is the relatively large size 
requirement for visible-range electronic absorption, which is dictated by quantum mechanics. 
The resulting bulky fluorophores with heavy molecular weight will not only have poor chemical 
stability, cell-membrane permeability and increased non-specific interaction within cellular 
environment, but also cause significant perturbation to the molecule of interest. Second is the 
complicated photophysical and photochemical processes associated with fluorescence, such as 
photobleaching, blinking, quenching, dark-state conversion and intersystem crossing. This is 
partly due to the activated electronic excited state with long energy lifetime (in ns), which 
significantly reduces the photon output and is highly detrimental to the collection efficiency in 
fluorescence imaging. Third is the short electronic dephasing time (< 10 fs) that corresponds to a 
broad linewidth (usually > 40 nm) in fluorescence emission, mandated by Heisenberg’s 
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uncertainty principle. This causes overlapping fluorescence spectra in the visible range and limits 
the number of resolvable frequency for multiplexed detection in a single experiment. Thus, three 
fundamental physical properties determine that fluorescence imaging can be perturbative with 
bulky fluorophores, especially for small molecule species such as signaling molecules and 
metabolites. Also, both the complicated excited-state behaviors and large spectral crosstalk in 
fluorescence will significantly limit the ability to simultaneously visualize the spatiotemporal 
dynamics of multiple targets in long term.  
1.3 Raman microscopy 
1.3.1 Raman scattering 
To circumvent these limitations, Raman scattering presents an alternate approach in 
optical imaging with subcellular resolution. Raman scattering, which is discovered by C. V. 
Raman in 1928 and received Nobel Prize in Physics in 1930, is due to light scattered inelastically 
by molecules undergoing vibration or rotation. This causes frequency shifts of the incident light 
(Stokes and anti-Stokes shifts), which are used to study chemical bond vibrations in molecules. 
Since Raman scattering doesn’t require electronic absorption, it can occur at all excitation 
wavelengths beyond the visible regime and has no requirement on the molecular size. In addition, 
Raman scattering is intrinsically free from photobleaching. With the short energy lifetime (< 10 
ps) and small change in the electron configuration of vibrational exited state, Raman scattering is 
much less susceptible to complicated photophysical processes, as in fluorescence. Further, 
vibrational excited states have inherently longer dephasing time (~ 1 ps) than electronic excited 
states, which translates to a homogeneous linewidth of ~ 10 cm-1 in the Raman spectrum and is 
nearly 100 times narrower than fluorescence linewidth. This allows multiplexed Raman detection 
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of many species with little spectral overlap. Thus, compared to fluorescence, Raman scattering 
provides several distinctive advantages for optical imaging with minimal perturbation, high 
photo-stability, and multiplexing capability.  
Raman scattering spectroscopy has long been used in molecular analysis and material 
characterizations. With the development in optical and electronic technologies, Raman 
microscopy has become applicable to image cellular structure and activity. However, the 
intensity of spontaneous Raman scattering is very small (~1014 times weaker than fluorescence 
of typical dyes and ~1010 weaker than infrared absorption of chemical bond vibration), thus 
requiring long acquisition time (tens of minutes per image), especially in microscopic imaging 
where the focused light spot is < 0.5 m2 with very low amount of molecules12. Therefore, in the 
last few decades, several techniques of Raman microscopy have been developed to significantly 
enhance Raman scattering efficiency while maintaining the distinct advantages, including 
resonant Raman scattering, surface enhanced Raman scattering (SERS) and coherent Raman 
scattering (CRS) microscopy.  
1.3.2 Resonant Raman scattering microscopy 
In resonant Raman scattering, the signal of Raman scattering can be greatly enhanced 
when the excitation light is in resonance with molecular electronic absorption. With the 
electronic absorption of many aromatic molecules around 250 nm, resonance Raman scattering is 
commonly applied in the deep-UV region and an enhancement factor as high as 108 can be 
achieved12. However, deep-UV excitation suffers from photodegradation of electronically 
excited molecules. To minimize photodamage, resonant Raman scattering in the visible and near-
infrared regime is also possible, which requires chromophores with longer absorption 
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wavelength and has a smaller enhancement factor due to the scattering cross-section proportional 
to the inverse of the fourth order of excitation wavelength.   
1.3.3 Surface enhanced Raman scattering microscopy 
In SERS, Raman scattering efficiency can be drastically improved by using the highly 
confined evanescent near-field interaction from localized surface plasmon resonance at metal 
nanoparticles. Charge transfer between metal atoms and surface-adsorbed molecules can also 
contribute to the enhancement in SERS due to electronic resonance in the charge-transfer 
complex. Detailed theory can be found in comprehensive review13. With SERS, single molecule 
detection has been successfully demonstrated14,15 with an enhancement factor up to 1014. And 
SERS has been applied in Raman microscopy to visualize surface structures and measure 
chemical species with high sensitivity16. The need of metal nanoparticles for SERS, however, 
limits its use in cellular imaging due to large particle size, poor cell-membrane permeability and 
intracellular trapping.  
1.3.4 Coherent Raman scattering microscopy 
In recent years, coherent Raman scattering microscopy has gained increasing popularity 
in optical imaging, due to the rapid development of advanced lasers, optics and electronics. Two 
main approaches are present in CRS microscopy. One is coherent anti-Stokes Raman scattering 
(CARS) microscopy17 and the other is stimulated Raman scattering (SRS) microscopy18. Unlike 
in previous Raman techniques, both CARS and SRS use two different lasers (pump and Stokes) 
to excite molecular vibration. When the frequency difference of pump and Stokes lasers (p-s 
with p > s) matches with that of a vibrational transition, the Raman scattering efficiency can 
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be significantly enhanced due to coherent interaction between the light fields and molecules, 
where both CARS and SRS occur simultaneously. 
Since my doctoral research is centered on SRS microscopy, I will discuss further on 
CARS and SRS, and emphasize their differences. More detailed description of CRS theory can 
refer to other sources19,20. In CARS, a new radiation is generated at the anti-Stokes frequency 
2p-s, and the process is parametric without net energy change in either the lasers or the 
molecule. For SRS, it doesn’t produce a new frequency but involves energy transfer between the 
lasers and the molecule, resulting in vibrational excitation. In conversation of energy, this leads 
to an intensity loss in the pump laser and an intensity gain in the Stokes laser, which is known in 
SRS as stimulated Raman loss (SRL) and stimulated Raman gain (SRG), respectively. These 
fundamental differences between CARS and SRS result in dissimilar signal size, detection 
methods and influence of non-resonant background. 
With CARS signal radiated at a new frequency different from incident lasers, its intensity 
can be given by the following expression: 
                                                       ∝ ( ) + ( ) ×                                                (1.1) 
where ( )and ( )  are the resonant and non-resonant third-order susceptibilities in the laser 
focal volume, and  and are the pump and Stokes laser intensities, respectively. The new 
frequency allows straightforward detection of CARS signal by a sensitive photomultiplier tube 
(PMT) after removing the incident lasers with an optical filter. Since the third-order 
susceptibility ( ) is proportional to the number of molecules inside the focal volume, CARS 
intensity is to the square of the molecular concentration. However, quantification of the molecule 
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of interest is complicated by the contribution of non-resonant molecules (non-resonant 
background) in CARS signal.  
On the contrary, SRS signal occur coherently at the same frequencies as incident lasers, 
which interfere with incident lasers to cause intensity modulation. As a result of the self-
heterodyne detection, only the imaginary part of the third-order susceptibility is detected in SRS 
signal. The intensity of SRS signal can be written as: 
                                                           ∝ Im ( ) ×                                                      (1.2) 
where Im ( )  is the imaginary part of ( ). This is because non-resonant molecules contribute 
little to the imaginary part of ( ) due to the absorption lineshape, and thus SRS signal is free 
from non-resonant background. Because of the interference, SRS signal cannot be directly 
measured and needs to be extracted from the incident lasers by measuring the small intensity 
change in either the pump or Stokes beam. Rather than a PMT, a large-area photodiode is used to 
collect high incident laser intensity and a high-frequency (> 1 MHz) modulation scheme is 
applied to detect SRS signal on top of the large laser background with near shot-noise limited 
sensitivity. Also, SRS signal is linearly dependent on the number of target molecule inside the 
focal volume, which allows straightforward experimental quantification. 
Further, we can directly compare the signal size of CARS and SRS based on the two 
expressions. ( ) is a very small number (<<1), so ( ) + ( ) × ≪ Im ( ) ×  and 
CARS signal is much weaker than SRS signal in the absolute value. But the detection sensitivity 
in actual experiments is determined by the signal to noise ratio. Due to the two detection 
schemes, CARS and SRS have very different noise levels. Under the ideal situation of shot-noise 
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limited condition, the only detection noise is from the Poisson distribution of the laser photons, 
which equals to the square root of the measured laser intensity √ . So the signal to noise ratios in 
both CARS and SRS can be expressed as: 
                                           = ∝ ( ) + ( ) ×                                       (1.3) 
                                           = ∝ Im ( ) ×                                                   (1.4) 
Here I consider the case of detecting SRG in the Stokes laser, which has the same size as 
SRL signal in pump beam and assume = . Thus, CARS can have comparable signal to noise 
ratio as SRS in the shot-noise limited condition. In practice, SRS has demonstrated near shot-
noise limited detection by using high-frequency modulation. However, in CARS detection, the 
shot-noise limit is not usually achieved, and other noise components such as laser fluctuation 
noise also contribute. Therefore, SRS has major advantages over CARS, including the linear 
concentration dependence, absence of non-resonant background and shot-noise limited detection 
sensitivity. In the past several years, SRS microscopy has emerged as the most popular nonlinear 
Raman technique in biological and medical imaging21.  
Lastly, coupling of two Raman techniques has also been demonstrated, where a recent 
study by Min group is an elegant example of combining pre-resonance Raman scattering with 
SRS microscopy for sensitive and multiplexed biological imaging22. In addition, resonant SERS 
is readily achieved by matching the molecular electronic absorption with the surface plasmon 
resonance of metal nanoparticles, and SERS has been combined with CARS microscopy to 




Fig. 1.2 Structures of vibrational probes in the cell-silent spectral region. 9 carbon-
deuterium bond, 10 carbonyl, 11 isonitrile, 12 nitrile, 13 alkyne, and 14 diyne. 
 
1.4 Raman probes 
Unlike fluorescence microscopy that relies on molecular emission in the visible range, 
the imaging contrast of Raman microscopy is based on chemical bond vibration, which is 
universal in all multiatomic molecules. Thus, Raman microscopy can achieve label-free imaging 
by detecting the intrinsic chemical bond vibrations, which has the unsurpassed advantage of 
visualizing molecular structures and dynamics in the native state. A great amount of research has 
been carried out in biological systems along this direction, such as label-free imaging of DNA, 
protein, lipids, cholesterol and cytochrome c in living cells, tissues and in vivo12,21. However, 
label-free Raman imaging has limited chemical specificity, which only works well for selective 
species with high abundance and/or characteristic vibrational frequency such as C-H, C=C, C=O 
and O-P-O bonds, or for systems of known compositions with the use of complicated spectral 
deconvolution. Thus, many molecules with low concentration and unidentifiable vibration buried 
in the crowded fingerprint region are basically invisible with label-free Raman microscopy. To 
improve the specificity and sensitivity of Raman imaging, vibrational probes are greatly needed. 
Moreover, in terms of general optical imaging, Raman probes have several distinct advantages 
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over fluorescent probes as discussed in section 1.3.1, including excellent photo-stability without 
complicated photophysical processes, multiplexing capability with very narrow spectral 
linewidth, and small size with minimal perturbation to the molecule of interest.  
Motivated by this, several vibrational probes have been developed for Raman imaging in 
biological systems within the last decade. Cells are known to have a wide spectral window of 
Raman-silent region (1800-2600 cm-1), where little endogenous species vibrates. This provides 
an ideal frequency space for background-free detection of vibrational probes. Carbon-deuterium 
bond (9, C-D) and tiny probes with only a few atoms such as carbonyl (10, C≡O), isonitrile (11, 
N≡C), nitrile (12, C≡N) and alkyne (13, C≡C) have been successfully applied in Raman imaging 
with high specificity and sensitivity (Fig. 1.2)24-28. Sodeoka group is the first to apply alkyne 
labeled deoxyuridine to visualize DNA synthesis in living cells with slit-scanning Raman 
microscope28. Further optimizations on the single alkyne generate diyne probes (14, C≡C-C≡C) 
with higher Raman intensity for the imaging of coenzyme Q analogues and mitochondria in live 
cells29,30. And silver nanoparticles coated with C-D, alkyne, nitrile and nitro probes are 
developed to image cell surface receptors with SERS microscopy31. Min group is among the first 
groups in developing vibrational probes for SRS imaging. Deuterium labeled amino acid 
mixtures are used to image newly synthesized proteome and protein turnover dynamics in live 
cells, brain tissues, zebrafish and mouse32,33. Besides, alkyne probes are applied in SRS 
microscopy to image a wide range of small molecule metabolites including nucleosides, amino 
acids, fatty acids for DNA, RNA, protein and lipids metabolism in living cells with excellent 
sensitivity, specificity and biocompatibility34. Moreover, with the exogenous labeling of 
vibrational probes, frequency modulation is possible by isotope labeling to achieve multi-color 
Raman imaging35. Thus, the development of chemical probes for Raman microscopy, especially 
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with SRS imaging, has produced fruitful results and will be increasingly applied in more areas to 
deepen our understanding of biological systems. 
All in all, this could look like the early days of fluorescence imaging and we are at the 
forefront of probe development for advanced Raman imaging. Much more efforts from 
chemistry, and possibly protein engineering, are needed to develop vibrational probes with 
greater sensitivity, specificity and versatility. 
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Live-cell vibrational imaging of choline metabolites by stimulated Raman 
scattering coupled with isotope-based metabolic labeling 
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Choline is a small molecule that occupies a key position in the biochemistry of all living 
organisms. Recent studies have strongly implicated choline metabolites in cancer, atherosclerosis 
and nervous system development. To detect choline and its metabolites, existing physical 
methods such as magnetic resonance spectroscopy and positron emission tomography, are often 
limited by the poor spatial resolution and substantial radiation dose. Fluorescence imaging, 
although with sub-m resolution, requires introduction of bulky fluorophores and thus is difficult 
in labeling the small choline molecule. By combining the emerging bond-selective stimulated 
Raman scattering microscopy with metabolic incorporation of deuterated choline, herein we have 
achieved high resolution imaging of choline-containing metabolites in living mammalian cell 
lines, primary hippocampal neurons and multicellular organism C. elegans. Different subcellular 
distributions of choline metabolites are observed between cancer cells and non-cancer cells, 
which may reveal functional difference in the choline metabolism and lipid-mediated signaling 
events. In neurons, choline incorporation is visualized within both soma and neurites, where 
choline metabolites are more evenly distributed compared to the protein. Furthermore, choline 
localization is also observed in the pharynx region of C. elegans larvae, consistent with its 
organogenesis mechanism. These applications demonstrate the potential of isotope-based 
stimulated Raman scattering microscopy for future choline-related disease detection and 





Choline metabolism performs critical roles in biological function of all living organisms. 
It is involved in various vital processes such as cell membrane formation, signaling, lipid 
transport, neurotransmitter acetylcholine synthesis and methyl transfer reaction1. Important 
choline-containing metabolites include small molecule phosphocholine (PC), 
glycerophosphocholine (GPC), lipid-bound phosphatidylcholine (PtC) and sphingomyelin (SM). 
 Choline metabolites have been discovered to be important in oncogenesis2, 
cardiovascular disease3, and embryonic nervous system development1. Recently, abnormal 
choline metabolism has emerged as a metabolic hallmark in cancer malignant transformation. 
Diffusive choline-containing metabolites level (including free choline, PC and GPC) has been 
found to be 2-20 folds higher in tumor compared to normal tissues, particularly in breast, brain 
and prostate cancers2. Elevated level of choline metabolites in cancer has not only been 
attributed to the fast cell proliferation rate, but also indicated the aggressiveness of tumor 
development4-6. In addition, the development of atherosclerosis has been associated with choline 
and its metabolites, the level of which can be used to predict risk for cardiovascular disease3. 
Furthermore, as an essential nutrient for higher organisms including human, sufficient uptake of 
choline through diet is required for the maintenance of health1. Especially during pregnancy and 
lactation, highest amount of choline-containing compounds are present in the utero and fetus 
plasma, indicating the crucial role of choline in embryonic development7. It has been found that 
rodents supplemented with 0.5 wt.% choline diet during latter days of gestation when the 
memory center begins to develop, produce offspring with life-long enhanced memory and 
hippocampal plasticity8, and choline deficiency in pregnant rodents results in altered blood 
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vessel formation in fetal mouse hippocampus9. impaired sensory inhibition10, and cognitive 
deficits11. 
 Therefore, the ability to monitor choline and its metabolites during diseases and 
embryogenesis will be highly desired. Conventionally, choline metabolites have been studied 
with 1H and 31P magnetic resonance spectroscopy (MRS), positron emission tomography (PET) 
using 11C-choline12 and liquid chromatography tandem mass spectrometry (LC-MS)3,13. Current 
MRS and PET techniques, however, are hindered by the poor spatial resolution and significant 
radiation exposure, and mass spectrometry cannot achieve non-destructive imaging. Optical 
microscopy, with its superior spatial-temporal resolution and noninvasive nature, shows great 
advantages in biochemical imaging at subcellular level14. In particular, fluorescence microscopy 
is one of the most widely used optical imaging techniques. However, the requirement of a large 
conjugation system for light absorption in the visible range limits its utility in detecting small 
molecules, which can be easily perturbed by the attachment of bulky fluorophores. Indirect 
labeling approach, such as bioorthogonal tagging through click chemistry, has been developed 
recently to allow the study of a wide range of small molecules15,16. Unfortunately, this technique 
generally requires non-physiological cell fixation and the use of toxic catalysts for dye staining, 
thus not compatible with live cell imaging. Hence, direct visualization of small choline-
containing molecules through vibrational contrasts of either intrinsic or exogenous chemical 




Fig. 2.1 Stimulated Raman scattering (SRS) imaging of choline metabolites through 
metabolic incorporation of deuterated D9-choline. (a) Set up of SRS microscope. Spatially 
and temporally overlapped Stokes and pump beams lead to selective vibrational activation within 
the sample under the resonant condition. (b) Incorporation of D9-choline in the cellular pool of 
choline metabolites serves as a metabolic biomarker in tumor progression, brain function and 
embryonic development. (c) Energy diagram together with the input and output laser spectra of 
SRS. 
 
Here we report non-invasive in vivo imaging of choline-containing metabolites with 
subcellular resolution by stimulated Raman scattering (SRS) microscopy (Fig. 2.1a), through 
metabolic incorporation of deuterated (trimethyl-D9)-choline. Once uptaken by cells, choline is 
mainly metabolized through the Kennedy pathway into small molecules PC, GPC and 
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membrane-bound choline phospholipids (Fig. 2.1b). Activated choline metabolism in tumor and 
high consumption of choline during prenatal development will lead to active uptake of D9-
choline incorporated into the total pool of choline metabolites in a dynamic equilibrium, which 
serves as a distinct biomarker for cancer, neural function and embryonic development.  
 As an emerging nonlinear vibrational imaging technique, SRS microscopy has achieved 
high resolution chemical imaging in many biological systems with excellent sensitivity17-22. By 
employing an additional near-infrared Stokes beam, vibrational transition which matches with 
the energy difference E between the pump and Stokes photons is selectively stimulated (Fig. 
2.1c) via quantum amplification with an effective Raman cross section 107 greater than that of 
spontaneous Raman scattering23. The accompanied stimulated Raman loss (SRL) signal of the 
transmitted pump beam or the stimulated Raman gain (SRG) of the transmitted Stokes beam can 
be detected sensitively by a high-frequency modulation scheme through a lock-in amplifier. Thus, 
high-speed imaging up to video rate can be achieved, which is orders of magnitudes faster than 
spontaneous Raman imaging. Compared with another popular nonlinear Raman technique, 
coherent anti-Stokes Raman scattering (CARS), SRS signal has little non-resonant background, 
well preserved Raman spectra, straightforward image interpretation and linear concentration 
dependence, allowing for unambiguous image visualization and quantification based on pure 
chemical contrast24. When coupled with the strategy of stable isotope labeling, high-resolution 
SRS imaging of choline metabolites in several mammalian cell lines, primary neurons, and 
multicellular organism C. elegans will be demonstrated in this study. 




Fig. 2.2 Spontaneous Raman spectra of HeLa cells supplemented with (black) and without 
(blue) D9-choline and 100 mM D9-choline (red) in phosphate buffered saline (PBS) solution. 
The 2188 cm-1 peak within the cell-silent Raman region is chosen for SRS imaging. 
 
With all methyl groups of choline substituted with deuterium atoms, D9-choline-
containing metabolites can be detected inside cells with high sensitivity and specificity in a 
background-free manner. First, characteristic C-D vibrational peaks around 2100 cm-1 arise in 
the cell-silent Raman window ranging from 1900 to 2700 cm-1 (Fig. 2.2), where five major peaks 
are observed at 2089, 2118, 2141, 2188 and 2285 cm-1. Second, the methyl C-D stretching 
frequencies are expected to be sensitive to the chemical environment. Local environmental 
sensitivity of vibrational frequency has been well investigated, with nitrile and carbonyl groups 
being successfully used as vibrational probes for local electric fields inside proteins25-27. When 
compared with Raman spectra of D3-methionine and D10-leucine (Fig. 2.S1), even though they 
all have CD3 groups, C-D bonds of D9-choline vibrate at frequencies distinct from the other two 
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molecules, partly due to the positive charge on the nearby nitrogen atom. This allows for 
selective imaging of molecules only containing trimethyl-D9 moiety derived from D9-choline. 
Such spectral selectivity is especially beneficial since choline methyl groups could be transferred 
to methionine, which acts as a common methyl source in cells. Third, other forms of C-D 
vibration are negligible, because methyl groups of choline stay mostly intact along its metabolic 
pathways, as in both the Kennedy pathway and methyl-transfer pathway. The 2188 cm-1 peak of 
D9-choline is thus chosen for our SRS imaging due to its highest intensity and clear separation in 
the spectrum. Fourth, with a nearly indistinguishable structure to the natural choline and minimal 
biochemical perturbation to cells, D9-choline coupled with SRS is particularly suitable for in 
vivo imaging of choline metabolites during diseases and embryonic development. 
Live cell imaging of D9-choline metabolites is first demonstrated with SRS in the human 
cervical cancer HeLa cell line. Indeed, spontaneous Raman spectrum of HeLa cells 
supplemented with 10 mM D9-choline for 48 hours exhibits the same pattern of Raman peaks in 
the cell-silent region as for the D9-choline in PBS solution (Fig. 2.2), verifying the cellular 
uptake of D9-choline. Based on the Raman intensity (Fig. 2.2, black and red spectra), average 
intracellular D9-choline-containing metabolites are estimated to be ~20 mM after 48 hours 
incorporation. We also correlated the SRS intensity at 2188 cm-1 with D9-choline PBS solutions 
at different concentrations (Fig. 2.S2). This corresponds to a concentration range from 0 to 78.7 
mM for the color bars of D9-choline images. The SRS image (Fig. 2.3a) of the amide channel at 
1655 cm-1 shows a high protein concentration outside the nucleus and in the nucleoli. When 
tuning into 2188 cm-1, the choline-on SRS image depicts the total pool of D9-choline-containing 
metabolites including free choline, PC, GPC, phospholipid-bound choline PtC and SM. The 
choline signal distributes over the whole cell and is especially pronounced in regions 
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surrounding the nucleus, likely from endoplasmic reticulum and Golgi apparatus. This 
observation is consistent with the intracellular choline metabolic pathway, where choline 
phospholipid metabolites are synthesized both in cytosol and on the surface of nucleus and 
intracellular organelles, and are incorporated into membrane structure afterwards28,29. In the 
choline-off SRS image taken at 1900 cm-1, where no Raman transition occurs, an almost 
completely dark image is acquired, confirming the background-free detection of SRS microscopy. 
In the control HeLa cells cultured without D9-choline (Fig. 2.3b), no signal is detected in both 
the choline-on and choline-off channels under the same image acquisition condition, proving that 
the signal observed in Fig. 2.3a is indeed from the metabolite pool containing D9-choline. 
 To verify the enrichment of D9-choline into the total choline metabolite pool, particularly 
the downstream choline phospholipids, we subjected the immobile part of SRS choline signal 
retained after fixation to phospholipase assays (Fig. 2.S3). In fixed cells incubated with 
phospholipase C, choline phosphate headgroups are cleaved from phospholipids under Ca2+ 
catalysis and little signal can be observed in the choline-on channel, similar to the choline-off 
channel, whereas the signal mostly remains when no phospholipase is present or EDTA is added 
to chelate the Ca2+ ion. This confirms the incorporation of D9-choline in the downstream 
phospholipids PtC and SM, and therefore the total pool of choline metabolites. Compared with 
previously reported method to image membrane choline phospholipids through bioorthogonal 
fluorescent labeling30. the direct SRS imaging here is free from cell fixation, dye-staining and 
extensive washing. Thus our approach not only is compatible with live cell imaging but also 
avoids the loss of the important diffusive choline-containing species and membrane surface 
phospholipids during the fixation and staining processes, thus providing a comprehensive and 




Fig. 2.3 SRS images of D9-choline-containing metabolites in different cancer (a-c) and 
embryonic (d-e) cell lines. (a) 2188 cm-1 image of D9-choline metabolites (choline-on) in live 
HeLa cells cultured with 10 mM D9-choline for 48 hours. Strong signal is seen at regions around 
nucleus (indicated by arrows), such as endoplasmic reticulum. (b) 2188 cm-1 choline-on image in 
live HeLa cells cultured in medium without D9-choline. (c-e) 2188 cm
-1 choline-on images in 
live human bone osteosarcoma U2OS cells (c), live human embryonic kidney HEK293T cells (d), 
and live mouse embryonic fibroblast NIH3T3 cells (e) cultured with 5 or 10 mM D9-choline for 
48 hours. The 1655 cm-1 (amide I from protein) and the 1900 cm-1 (choline-off) images display 
the same set of cells as in the choline-on images. The choline-on and choline-off channels are 
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imaged under identical experimental condition. The color scale in the amide channel is 3 times 
larger than other channels. The color bars in the choline channels correspond to a D9-choline 
concentration range from 0 at the darkest to 78.7 mM at the brightest. Scale bar: 10 m. 
 
 Motivated by the importance of choline metabolism in both oncogenesis and embryonic 
development, we then studied the D9-choline incorporation (as well as their possible difference) 
in other cancer and embryonic cell lines. In human bone osteosarcoma U2OS cell line (Fig. 2.3c), 
cells incubated with 10 mM D9-choline for 48 hours again show a strong D9-choline metabolites 
signal around the nucleus while protein in the amide channel is distributed more homogeneously 
in the whole cell. The signal in the choline-on channel resembles that in the HeLa cells (Fig. 
2.3a). The choline-off channel is still mostly dark as expected. Depending on the cell 
morphology and orientation, some residual signal exists at the boundaries of membrane and lipid 
droplets, due to the cross-phase modulation of laser beams at the interface of different refractive 
indices31. To gain insights into embryonic development, choline metabolites in human 
embryonic kidney cells HEK 293T (Fig. 2.3d) and mouse embryonic fibroblast cells NIH 3T3 
(Fig. 2.3e) were also imaged. While protein are similarly distributed throughout the cell and 
enriched inside the nucleoli, indicating active ribosomal biogenesis32,33, SRS signals of choline-
containing metabolites from both embryonic cells are mostly detected in the cytoplasm with 
nearly vanishing signal inside the nucleus. Such significant difference in the intranuclear signal 
between cancer cells (HeLa and U2OS) and non-cancer cells (HEK293T and NIH3T3) suggests 
elevated choline metabolites level inside the nucleus of cancer cells, possibly due to an up-
regulated choline metabolism that leads to altered endonuclear lipid-mediated signaling events in 
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cancer34. This is hard to visualize by click-chemistry based fluorescence imaging due to low 
nuclear permeability of fluorophores and the loss of small molecules during fixation. 
 
Fig. 2.4 SRS imaging of D9-choline metabolites in primary mouse hippocampal neurons. (a) 
Spontaneous Raman spectrum of neuron cultured with 10 mM D9-choline for 48 hours. (b) 2188 
cm-1 choline-on image clearly reveals the distribution of D9-choline-containing metabolites 
within the neural network.  (c) Zoom-in image of a single neuron shows subcellular distribution 
of D9-choline metabolites. The amide images display the same set of cells as in the choline-on 
images. The color scale in the amide channel is 2 times larger than other channels. The color bars 
in the choline channels correspond to a D9-choline concentration range from 0 at the darkest to 




Fig. 2.5 SRS imaging of D9-choline incorporation in C. elegans larvae. (a) As control, live 
wild-type C. elegans larva without any treatment was imaged and a dark background was found 
in the 2188 cm-1 choline-on image. (b) 100 mM D9-choline was injected into the gonad of young 
adult animals and the live F1 larva was imaged at L1 stage. The 2188 cm-1 choline-on channel 
displays a similar signal pattern as in the lipid CH2 Channel at 2845 cm
-1, suggesting the 
localization of D9-choline in the cell membrane. The amide, lipid CH2 and the choline-off 
channels display the same area as in the choline-on channel. The color scale in the amide channel 
is 6 times larger than the choline channels. The color bars in the choline channels correspond to a 
D9-choline concentration range from 0 at the darkest to 78.7 mM at the brightest. Scale bar: 5 m. 
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To demonstrate the general applicability of our approach in neuronal system, we cultured 
primary mouse hippocampal neurons with 10 mM D9-choline for 48 hours. In the spontaneous 
Raman spectrum (Fig. 2.4a), a similar D9-choline spectral pattern was measured with higher 
intensity (approximately a factor of two) than that in HeLa cells, which confirms the successful 
uptake of D9-choline into neurons and is in agreement with the high content of lipids in neuronal 
cells. In the SRS images (Fig. 2.4b), the amide channel at 1655 cm-1 depicts the total protein 
distribution, which is concentrated inside the cell body with a much brighter signal than that at 
the neurites, whereas in the choline-on channel at 2188 cm-1, the network between neurons is 
clearly visible with a less pronounced difference in the D9-choline metabolites signal between 
the neurites and the soma. Since choline phospholipid metabolism occurs mainly inside the cell 
body, at the surface of nucleus and endoplasmic reticulum28, the detected D9-choline signal at the 
neurites indicates newly assembled membrane with D9-choline incorporated PtC and SM which 
are transported from the soma. When zoomed in, subcellular distribution of D9-choline 
metabolites can be visualized within a single neuron (Fig. 2.4c). In the amide channel, protein is 
distributed throughout the cell body and the nucleolus is visible with higher protein signal, while 
choline metabolites are mainly outside the nucleus. 
 To further study the role of choline in embryonic development, we used Caenorhabditis 
elegans to visualize choline incorporation during embryonic and early larval development. This 
animal is widely used as a model organism in developmental biology, particularly for 
embryogenesis and organogenesis. 100 mM D9-choline PBS solution was microinjected into the 
gonad of wild-type young adult animals and newly hatched larvae were collected after one day 
for live imaging. We expected the diffusive D9-choline, which could be uptaken by the oocyte of 
adult worms as nutrients before the fertilization, to be metabolized and incorporated during the 
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embryogenesis of C. elegans. As control, untreated C. elegans larva, progeny of the uninjected 
adults worm was first imaged (Fig. 2.5a), where a dark background was observed in the choline-
on channel at 2188 cm-1. The L1 larva produced by adult worm injected with D9-choline, 
however, showed significant signal at the pharynx region in the choline-on channel, mainly 
around the terminal bulb (Fig. 2.5b). Interestingly, the distribution of this choline signal is 
resemblant to the pattern shown in the lipid CH2 channel at 2845 cm
-1, which is located in the 
periphery of the cell with dark regions inside, indicating the incorporation of D9-choline into cell 
membrane structures. The choline-off channel is mostly clear with residual cross-phase 
modulation signal seen at the body surface of the worm. Our observation is consistent with the 
pharynx organogenesis process in C. elegans embryo, where pharynx develops through 
autonomous morphogenesis with only cell differentiation but not cell division35, avoiding the 
dilution of D9-choline. The distribution of the protein signal in the amide channel, on the other 
hand, is more homogeneous throughout the whole worm body with less defined cellular 
structures, in contrast to that in both the lipid CH2 and choline-on channels. 
2.3 Conclusions 
In this article, we have successfully demonstrated live cell imaging of choline-containing 
metabolite pool (including free choline, PC, GPC, PtC and SM) in several cancer, embryonic cell 
lines, primary neurons and C. elegans larvae with subcellular resolution, by using stimulated 
Raman scattering coupled with isotope-labeled metabolic incorporation. Cancer cells were found 
to have significant distribution of choline metabolites inside the nucleus compared to non-cancer 
cells, which could influence endonuclear lipid-mediated signaling events. Choline incorporation 
in both the cell body and neuronal processes has been visualized in hippocampal neurons, where 
choline metabolites are more evenly distributed than the protein. In C. elegans larvae, choline-
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containing metabolites were localized in the pharynx region, which is consistent with its 
autonomous organogenesis process. 
 The ability to image choline metabolites in live cells and organisms with high resolution, 
as shown in this study, will prepare us to better study cancer malignant transformation and 
embryonic development in complex systems. Recently, D9-choline has been used as a metabolic 
tracer in human36. With the excellent biocompatibility of stable isotope incorporation32, and SRS 
microscopy in living animals and humans37, our approach of isotope-based nonlinear vibrational 
imaging would find future applications in choline-related disease diagnostics and treatment 
evaluation in vivo. 
2.4 Supporting information 
Materials. D9-choline chloride, D3-methionine and D10-leucine were purchased from 
Cambridge Isotope Laboratories. DMEM medium (11965), McCoy’s 5A medium (16600), fetal 
bovine serum FBS (10082), penicillin-streptomycin (11540), Neurobasal-A Medium (10888), 
B27 serum-free supplement (17504) and L-glutamine (25030) were obtained from Invitrogen. 
Bovine calf serum BCS (Hyclone SH30072), bovine serum albumin BSA (BP9703), CaCl2, and 
EDTA were from Fisher Scientific. 2,3-butanedione monoxime, formaldehyde solution, 
Phospholipase C (Type XIV from Clostridium perfringens, P4039), phosphate buffered saline 
PBS, and tris buffered saline TBS buffer were obtained from Sigma-Aldrich. 
Cell culture and sample preparation. Culture medium for HeLa and HEK293T cells 
was prepared by adding 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin into DMEM 
medium. NIH3T3 cell culture medium was prepared by adding 10% (v/v) BCS and 1% (v/v) 
penicillin-streptomycin into DMEM medium. U2OS cell culture medium was made with 90% 
32 
 
(v/v) McCoy’s 5A medium with 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin. Neuron 
culture medium was prepared from Neurobasal-A medium added with 1× B27 serum-free 
supplement and 0.5 mM L-glutamine. 
For mammalian cell lines, cells were seeded on coverslips in petri dishes with 2 mL of 
culture media and incubated at 37 °C and 5% CO2 for 20 h. The culture media were then 
supplemented with 5 or 10 mM D9-choline (in PBS) for 48 h.  
For primary mouse hippocampal neurons, cells were seeded on coverslips in petri dishes 
with 1 mL of neuron culture medium and incubated at 37 °C and 5% CO2 for 7-14 days. Then 
D9-choline PBS solution was added into the media with a final concentration of 10 mM for 48 h.  
After incubation, the coverslip was taken out, washed gently with 1 mL PBS buffer and 
assembled into a chamber filled with PBS solution and is ready for spontaneous Raman 
scattering measurement and SRS imaging. 
C. elegans microinjection and sample preparation. Handling of the worms was 
described by Brenner38 and the microinjection protocol was described in details by Fire39. In 
brief, live adult worms (3 days from hatching at 20 °C) were immobilized on a dried pad of 
agarose (Lonza, Rockland, ME) under an oil layer. About 1 ml of 100 mM D9-choline PBS 
solution was used to fill the tip (<3 mm in diameter) of the needle and a simple air pressure 
system is used to facilitate the flow of liquid from the needle to the gonade of the worm. After 
the injection, worms were saved by dropping M9 buffer (3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl, 1 
ml 1 M MgSO4, H2O to 1 liter; sterilize by autoclaving) onto the agarose pad and then 
transferred to individual Petri plates with nutrient agar and bacteria for food and maintained at 
20°C. One day later, L1 larvae of the next generation were collected, immobilized on a pad of 3% 
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agarose with 2,3-butanedione monoxime and imaged. The microscope used for injection is a 
Zeiss IM which is equipped for differential interference contrast with a Plan40 lens. 
Spontaneous Raman spectroscopy. An upright confocal Raman microscope (Xplora, 
Horiba Jobin Yvon) with 532 nm diode laser source and 1800 l/mm grating was used to acquire 
spontaneous Raman scattering spectra at room temperature. The laser is linearly polarized and 
the excitation power is 12 mW after passing through a 50 ×, air objective (MPlan N, 0.75 N.A., 
Olympus). The Raman spectra of D9-choline, D3-methionine and D10-leucine (all in PBS solution) 
were collected with 80 s acquisition time (Fig. 2.S1). The Raman spectra of cell samples were 
collected with 80 s or 240 s acquisition time. 
 
Fig. 2.S1 2188 cm-1 as a characteristic Raman peak for D9-choline. Methyl C-D vibrational 
frequency is sensitive to local environment as shown in the comparison between D9-choline, D3-




Stimulated Raman scattering microscopy. Both pump and Stokes beams with linear 
and parallel polarization are produced from an integrated laser system (picoEMERALD, Applied 
Physics & Electronics, Inc). A 1064 nm fundamental laser (Stokes beam) is generated with 6 ps 
pulse width and 80 MHz repetition rate, part of which is frequency-doubled to 532 nm and used 
to seed a picosecond optical parametric oscillator to generate a mode-locked signal (pump beam) 
with 5-6 ps pulse width (the idler is blocked with an interferometric filter). The wavelength of 
pump beam can be tuned from 720 to 990 nm. The intensity of the Stokes beam is sinusoidally 
modulated with a built-in electro-optic-modulator at 8 MHz and the modulation depth is over 
95%. Spatial overlap of pump and Stokes beam is adjusted with a dichroic mirror inside the laser 
system and temporal overlap between two beams is optimized with a built-in delay stage based 
on the dodecane liquid SRS signal. 
Both beams are introduced into an inverted multiphoton laser-scanning microscope 
(FV1200MPE, Olympus) with maximized near IR output, which are then focused on the cell 
sample through a 60 × water immersion objective (UPlanAPO/IR, 1.2 N.A., Olympus) with high 
near IR transmission. The beam size of pump and Stokes laser matches with the back-aperture of 
the objective. After transmission, pump and Stokes beams are collected efficiently with a high 
N.A. condenser lens (oil immersion, 1.4 N.A., Olympus) in Kohler illumination. The laser-
scanning motion is descanned using a telescope onto a large area (1 cm × 1 cm) silicon 
photodiode (FDS1010, Thorlabs), which is reverse-biased with a 64 DC voltage to enhance the 
saturation threshold and response bandwidth. To block the Stokes beam and pass only the pump 
beam, a high O.D. bandpass filter (890/220 CARS, Chroma Technology) is put in front of the 
photodiode. The output current of photodiode passes through a 8 MHz electronic bandpass filter 
(KR 2724, KR electronics) to remove both high frequency component (80 MHz laser pulsing) 
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and low frequency fluctuations due to laser scanning before entering a radio frequency lock-in 
amplifier (SR844, Stanford Research Systems) terminated with 50 Ω to demodulate the 
stimulated Raman loss signal from the pump beam. The in-phase signal at the X channel of the 
lock-in amplifier is inputted to the analog interface box (FV10-ANALOG) of the microscope to 
generate the SRS image with 512 × 512 pixels per frame. The imaging dwell time for each pixel 
is 100 s and the time constant for demodulation is 30 s (shortest without additional filtering), 
achieving an imaging speed of 27 seconds per frame. 130 mW modulated Stokes beam and 120 
mW pump beam, measured after the 60 × water objective, are used to image the sample at all 
frequencies. All images are acquired using FluoView scanning software and assigned color with 
ImageJ. 
 





Enzymatic assay for D9-choline enrichment in choline phospholipid metabolism. We 
designed the phospholipase experiment based on previous literature30. HeLa cells incubated with 
10 mM D9-choline for 48 hours were first fixed with 4% PFA and washed with TBS buffer twice. 
For Fig. 2.S3a, cells were incubated with 1 mg/mL BSA in TBS buffer at 37 °C for 1 hour. For 
Fig. 2.S3b, cells were incubated with 1 mg/mL BSA, 0.02 U/mL phospholipase C and 10 mM 
CaCl2 in TBS buffer for 1 hour at 37 °C. For Fig. 2.S3c, cells were incubated with 1 mg/mL 
BSA, 0.02 U/mL phospholipase C and 10 mM EDTA in TBS buffer for 1 hour at 37 °C. Then all 
cells were washed with TBS buffer and ready for SRS imaging. 
 
Fig. 2.S3 D9-choline incorporation into phospholipids shown by phospholipase assay. (a) 
The 2188 cm-1 choline-on image of fixed HeLa cells incubated with 10 mM D9-choline for 48 
hours without the treatment of phospholipase C (PLC). (b) The loss of signal in the 2188 cm-1 
choline-on image of fixed HeLa cells incubated with 10 mM D9-choline for 48 hours which are 
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treated with PLC under Ca2+ catalysis. (c) Signal is retained in the 2188 cm-1 choline-on image 
of fixed HeLa cells incubated with 10 mM D9-choline for 48 hours which are treated with PLC 
in the presence of EDTA (inhibiting enzyme activity by chelating Ca2+). The 1655 cm-1 amide 
and the 1900 cm-1 choline-off images display the same area as in the choline-on images. Scale 
bar: 10 m. 
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Vibrational imaging of glucose uptake activity in live cells and tissues by 
stimulated Raman scattering 
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Glucose is a ubiquitous energy source for most living organisms. Its uptake activity closely 
reflects cellular metabolic demand in various physiopathological conditions. Extensive efforts 
such as positron emission tomography, magnetic resonance imaging and fluorescence 
microscopy have been made to specifically image glucose uptake but all with limitations. Here, 
we report a new platform to visualize glucose uptake activity in live cells and tissues by 
performing stimulated Raman scattering on a novel glucose analogue labeled with a small alkyne 
moiety. Cancer cells with differing metabolic activities can be distinguished. Heterogeneous 
uptake patterns are observed with clear cell-cell variations in tumor xenograft tissues, neuronal 
culture and mouse brain tissues. Hence, by offering the distinct advantage of optical resolution 
yet without the undesirable influence of fluorophores, our method will be a valuable tool to study 





Glucose is the primary energy source for virtually all living organisms, from bacteria to 
human. As a hydrophilic small molecule, the uptake of glucose is mediated by cell surface 
transporters to pass through the otherwise impermeable hydrophobic plasma membrane, during 
which the ATP-independent facilitated diffusion down a glucose concentration gradient is the 
major pathway. Since the uptake of glucose is biologically regulated and closely correlated to a 
wide range of metabolic transformations, several prominent techniques have been developed to 
selectively image glucose uptake activity. Among them, radioactive tracers of glucose analogues 
(Fig. 3.1a, b) are widely applied in clinical positron emission tomography (PET) to image 
glucose uptake activity in vivo. Although these PET analogues cannot be metabolized like D-
glucose in the glycolytic pathway and thus accumulate inside cells, their net flux across cell 
membrane still reflects the total exogenous cellular glucose use when imaged at steady-state 
conditions1. Indeed, imaging steady-state glucose uptake level has been proved by extensive PET 
studies to be a key diagnostic marker in many diseases. More recently, magnetic resonance 
imaging (MRI) has achieved glucose imaging in tumors through chemical exchange saturation 
transfer and hyperpolarization of 13C labeled D-glucose2,3. Unfortunately, both PET and MRI 
techniques have limited spatial resolution, and cannot visualize glucose uptake in single cells. It 
is well appreciated that glucose uptake and energy demands in many crucial physiological (e.g., 
brain activity) and pathological (e.g., tumor development) processes are intrinsically 
heterogeneous at the cellular level4,5. Hence, to visualize glucose uptake activity in single living 
cells is indispensable in evaluating the metabolic demand of individual cells and unveiling the 
underlying cell-to-cell variations. 
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To monitor glucose uptake with cellular resolution, fluorophore-conjugated glucose 
analogues have been developed for fluorescence microscopy. 2-[N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)amino]-2-deoxy-D-glucose (2-NBDG) (Fig. 3.1c), which is also a glucose analogue 
that cannot be metabolized further in glycolysis, is one of the most popular probes and has been 
applied in a variety of cell types6,7. However, conjugation of glucose with fluorophores, which 
are mostly hydrophobic or charged, alters the hydrophilic property of natural glucose. Indeed, the 
water solubility of 2-NBDG is substantially reduced to ~10 mg/ml. Moreover, physical sizes of 
fluorophores are always larger than glucose itself, due to the requirement of extended 
conjugation for visible light absorption. Thus, most fluorescent glucose analogues including 2-
NBDG exhibit non-specific interactions and retentions in cells and tissues8,9, which would bias 
the true glucose distribution to varying degrees. 
 
Fig. 3.1 Structures of existing D-glucose analogues and synthesis of the new 3-O-propargyl-
D-glucose. (a) [18F]2-Fluoro-2-deoxy-D-glucose ([18F]FDG). (b) [11C]3-O-methyl-D-glucose 
([11C]3-OMG). (c) 2-NBD-2-deoxy-D-glucose (2-NBDG). (d) Synthetic route of 3-OPG 1. a) 
NaH, propargyl bromide, DMF, RT, 12 h, 90%; b) Dowex® 50WX8,  H2O, 80°C, 20 h, 96%. 
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Here we report a new modality to visualize glucose uptake activity at the subcellular level 
by stimulated Raman scattering (SRS) imaging of vibrationally labeled D-glucose, and 
demonstrate its utility in live cancer cells, tumor xenograft tissues, primary neurons and mouse 
brain tissues. We designed, synthesized and characterized a novel glucose analogue, named 3-O-
propargyl-D-glucose (3-OPG, 1, Fig. 3.1d). 3-OPG has a minor chemical modification 
comparable to the PET tracer [11C]3-OMG (Fig. 3.1b) yet avoiding the use of radioactive 
isotopes and allowing for subcellular optical imaging. Compared with fluorophores, alkyne tag 
(C≡C) is physically much smaller and has been proven to be chemically inert and bioorthogonal 
in cells by numerous click-chemistry studies10-14. Thus, we expect 3-OPG to not only preserve 
the hydrophilic nature of glucose but also prevent its non-specific interactions in cells and tissues. 
Detection wise, alkyne tag exhibits a pronounced C≡C stretching Raman peak (~2100 cm-1) in 
the cell-silent spectral region15-17. Very recently alkyne tags have been coupled to SRS 
microscopy as a powerful vibrational label for metabolic imaging in live cells with high 
sensitivity, specificity and biocompatibility18-20. Therefore, by targeting the unique vibrational 
signature of alkyne tags, SRS imaging of 3-OPG uptake could be a valuable method to study 
energy demands and metabolic status in living systems with subcellular resolution and minimal 
perturbation. 
3.2 Results and discussion 
We first synthesized 3-OPG by conjugating a propargyl group to glucose 3' OH group 
(Fig. 3.1d). Briefly, commercially available 1,2:5,6-Di-O-isopropylidene-α-D-glucofuranose 2 is 
reacted with propargyl bromide to selectively introduce the alkyne moiety onto the 3’ position, 
which gives 3 in 90% yield. Deprotection of 3 in strong acids affords 3-OPG 1 with 96% yield. 
Comparing 3-OPG with 3-OMG (Fig. 3.1), one can readily tell their structures are highly similar 
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except for the replacement of a methyl group by a propargyl group, which is a common strategy 
to introduce the alkyne group and maintain the original function, such as in propargyl-choline11 
and O-propargyl-puromycin12. 
 
Fig. 3.2 Uptake of 3-OPG in live mammalian cells. (a) Spontaneous Raman spectra of 25 mM 
3-OPG solution in PBS (black) and HeLa cells incubated with 25 mM 3-OPG for 4 hours  (red). 
(b) SRS imaging of 3-OPG uptake (2129 cm-1) in live HeLa cells incubated with 8 mM 3-OPG 
for 1 hour. The average intracellular concentration is estimated to be 3-5 mM. Images at 2000 
cm-1 (off-resonance) and 1655 cm-1 (protein amide I) show the same area of cells. The 2129 cm-1 
color bars in all images correspond to a linear 3-OPG concentration range of 0-26 mM, unless 




Spontaneous Raman spectrum of 3-OPG is then characterized with a sharp and strong 
peak at 2129 cm-1 in the cell-silent region (Fig. 3.2a, black), indicative of Raman-active mode of 
C≡C stretching. Negligible cellular background in 1800-2400 cm-1 is confirmed by both 
spontaneous Raman spectrum and SRS image at 2129 cm-1 of blank HeLa cells (Fig. 3.S1). 
Intrinsic Raman peaks of glucose, such as those from C-C and C-O bond vibrations, are also 
observed in the fingerprint region from 1000-1800 cm-1 (Fig. 3.2a, black). Note that these peaks 
are not only much weaker than the alkyne peak but also overlapping with the cellular 
background (Fig. 3.2a, red), which makes label-free Raman imaging of glucose in cells rather 
challenging21. Thus, introducing an exogenous alkyne tag not only promotes the sensitivity but 
also endows imaging specificity in the otherwise crowded cellular background without the need 
of spectral unmixing. 
The uptake of 3-OPG is then tested in mammalian cell cultures. A distinct peak (2129 
cm-1) emerges after incubating HeLa cells with 25 mM 3-OPG for 4 hours (Fig. 3.2a, red), which 
exactly matches with that in the phosphate-buffered saline (PBS) solution spectrum of 3-OPG, 
confirming cellular uptake of 3-OPG. No cytotoxicity of 3-OPG is observed from cell viability 
assays (Fig. 3.S2). Cellular distribution of 3-OPG can be visualized with high sensitivity and 
speed by SRS imaging of the alkyne Raman peak at 2129 cm-1 in HeLa cells incubated with 8 
mM 3-OPG for 1 hour (Fig. 3.2b). The corresponding off-resonance image at 2000 cm-1 
confirms the background-free nature of SRS. As a reference, SRS image at 1655 cm-1 shows 
cellular protein distribution by targeting at protein amide I band.  
To quantify the intracellular uptake level, we correlated SRS intensity at 2129 cm-1 with 
known concentrations of 3-OPG solutions under identical conditions, which gives a detection 
sensitivity of 1.4 mM with 30 μs acquisition time per pixel and ~26 s/frame (Fig. 3.S3). For 
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higher signal-to-noise ratio and more accurate quantifications, we chose 25 mM 3-OPG as 
incubation concentration for further biochemistry characterizations. 
 
Fig. 3.3 Glucose transporter dependence of 3-OPG uptake in mammalian cells. 
Representative SRS images of live HeLa cells incubated with 3-OPG in the presence of (a) 0 
mM D-glucose, (b) 10 mM D-glucose, (c) 50 mM D-glucose, and (d) 50 mM L-glucose. (e, f) 
HeLa cells were transfected with 10 nM negative control siRNA (e) or GLUT1 siRNA (f) before 
incubation with 3-OPG. (g, h) HeLa cells were incubated with 3-OPG in the presence of DMSO 
vehicle (g) or 10 M cytochalasin B (h). Scale bar: 20 m. (i) Relative SRS intensity of 3-OPG 
uptake in HeLa cells under the conditions above. Data are shown as Mean + standard deviation 
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(SD) (n≥3 replicates for each group). *, p<0.05; ***, p<0.001 by Student’s t-test. p<0.05 is 
considered statistically significant. 
 
To validate that 3-OPG is transported into cells through glucose transporters, several 
control experiments are performed. First, uptake of 3-OPG is competed using D-glucose at 
different concentrations (Fig. 3.3). As the concentration of D-glucose increases, cellular uptake 
of 3-OPG decreases accordingly, reaching 78% with 10 mM D-glucose and 53% with 50 mM D-
glucose, consistent with the higher transporter affinity of D-glucose (Fig. 3.3a-c). In contrast, 
with 50 mM L-glucose, which is not recognized by glucose transporters for its opposite chirality, 
3-OPG uptake level is unaffected (Fig. 3.3d).  
Four different transporter inhibition and stimulation assays are then conducted. Using 
RNA interference to suppress the expression of GLUT1 transporter, HeLa cells transfected with 
10 nM GLUT1 siRNA for 48 hours show a much reduced uptake of 3-OPG (54%) compared to 
the control groups (Fig. 3.3e, f). Moreover, HeLa cells incubated with 10 M cytochalasin B, a 
potent inhibitor of glucose carriers, display a drastic reduction to 35% in 3-OPG uptake (Fig. 
3.3g, h). Efflux experiments of 3-OPG loaded HeLa cells were also performed with a rapid decay 
after 30 minutes and the addition of cytochalasin B significantly inhibits the efflux of 3-OPG 
(Fig. 3.S4), indicating the transport of 3-OPG in both directions is carrier-mediated. We further 
studied the effect of insulin stimulation on 3-OPG uptake by GLUT4 in rat muscle cells. With 1 
g/ml insulin for 24 hours, which stimulates GLUT4 translocation to plasma membrane, ~30% 
increase in 3-OPG uptake is observed in fused L6 cells (Fig. 3.S5), suggesting GLUT4-mediated 
uptake of 3-OPG. Taken together, these results further prove the glucose transporter dependence 
of 3-OPG uptake and its role as a D-glucose analogue to mammalian cells. 
49 
 
Uptake kinetics of 3-OPG is also examined (Fig. 3.S6 and 3.S7). At 37 °C, buildup of 3-
OPG inside HeLa cells reaches a plateau within 30 minutes, indicating fast uptake of 3-OPG at 
physiological temperature and allowing steady-state imaging. This equilibrium time is consistent 
with the reported size and weight dependence of transport kinetics for different glucose 
analogues22,23. Lowering to room temperature slows down 3-OPG uptake, as expected. Linear 
fitting of 3-OPG uptake at early times also reveals a ~3 folds decrease in initial transport rate 
from 37 °C to room temperature. Quantitatively, by plotting initial rates of 3-OPG uptake against 
different incubation concentrations (Fig. 3.S7), its Km and Vmax parameters are extracted in HeLa 
cells where GLUT1 is the most abundant isoform24. The fitted values of Km=26±4 mM and 
Vmax=0.71±0.05 mM/min of 3-OPG uptake turn out to be very close to that for 3-OMG uptake 
by human GLUT1 expressed in Xenopus oocytes (Km=13-20 mM and Vmax=0.74 mM/min 
assuming 106 oocytes/L)25,26. Competition experiments using 3-OMG show a moderate reduction 
to 70% in 3-OPG uptake (Fig. 3.S8), which is again in agreement with their similar Km. 
Further, important insights can be gained by simultaneously imaging cellular uptake of 3-
OPG and 2-NBDG by the same set of cells (Fig. 3.S9). While 2-NBDG displays a heterogeneous 
pattern with stronger signal enriched in cellular structures surrounding the nucleus, 3-OPG is 
distributed more homogeneously throughout the cells including inside the nucleus. Such 
differential contrast between 3-OPG and 2-NBDG is likely due to non-specific retention of 2-
NBDG in extra-nuclear organelles (such as endoplasmic reticulum) and its low permeability 
across nuclear membrane caused by the strong hydrophobicity and/or large size of the NBD 
fluorophores8,9. Hence we have obtained direct imaging evidence that 3-OPG could be a more 




Fig. 3.4 SRS imaging of 3-OPG uptake in U-87 MG tumor xenograft tissues. (a) Strong 
uptake of 3-OPG in the proliferating region of tumor. (b) Little uptake is seen in the tumor region 
with necrotic cell morphology. The 2129 cm-1 color bars in (a, b) correspond to a 3-OPG 
concentration range of 0-53 mM. (c) Sharp contrast of 3-OPG uptake at the interface of two 
tumor regions. Scale bar: 40 m. 
 
Tumors are well known to have aberrant metabolism with upregulated glucose uptake. 
Cancer cells of different phenotypes also have varied glucose uptake levels, which could serve as 
a marker for tumor malignancy and metastatic potential2. We thus compare glucose uptake 
activity between HeLa, a human cervical cancer cell line and U-87 MG, a human primary 
glioblastoma cell line, using 3-OPG as imaging probe (Fig. 3.S10). As the highest-grade glioma 
(WHO grade IV), glioblastoma is the most aggressive form of malignant primary brain tumor. 
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Incubated with 3-OPG, U-87 MG cells display a much higher alkyne peak than that of HeLa 
cells in Raman spectra, suggesting a more pronounced glucose uptake activity. SRS images 
further show the whole intracellular distribution of 3-OPG in both cancer cells. Consistent with 
the spectroscopic results, U-87 MG cells indeed exhibit a brighter intracellular signal than HeLa 
cells, confirming much increased glucose uptake activity. Quantitatively, 3-OPG uptake in U-87 
MG cells is over 1.7 times higher than that of HeLa cells. Thus SRS imaging of 3-OPG uptake 
could be a useful technique to distinguish cancer cells with varied metabolic characteristics. 
Uptake of 3-OPG is further visualized in mouse subcutaneous tumor xenograft model. 
Tumor regions with distinct glucose uptake levels are observed (Fig. 3.4). In outer region of 
tumor, cells undergo fast proliferation and hence uptake glucose significantly (Fig. 3.4a). In 
contrast, toward the center of tumor, cells display small and broken morphology (as shown in the 
amide channel at 1655 cm-1), suggesting necrosis and diminished cellular activity. Indeed, little 
3-OPG uptake is seen in the SRS image with at least a 5 times lower signal than that in the 
tumor-propagating region (Fig. 3.4b).  
The interface between the two tumor regions can be clearly distinguished by highlighting 
the 3-OPG uptake contrast at the single cell level, providing useful microscopic insights (Fig. 
3.4c). Necrosis is known to be a histological hallmark of glioblastoma and an important predictor 
for tumor prognosis in clinical glioma diagnostics and staging27. We discover that the metabolic 
contrast from 3-OPG uptake is much more pronounced than the label-free images of endogenous 
lipid (at 2845 cm-1) or protein (at 1655 cm-1) distributions. Most notably, a small population of 
tumor cells with high glucose uptake activity is identified within the region of diminished 
activity (Fig. 3.4c, arrowhead), reflecting cell-cell variation of metabolic status. Therefore, this 
showcases the capability of vibrational imaging of glucose uptake activity using 3-OPG and 
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provides opportunity for studying intratumoral heterogeneity in energy consumptions during 
brain tumor growth with superb contrast and cellular resolution. 
 
Fig. 3.5 SRS imaging of 3-OPG uptake in neuronal systems. (a) SRS images of cultured 
mouse primary hippocampal neurons incubated with 3-OPG. Scale bar: 20 m. (b) SRS images 
of mouse brain tissue slice cultured ex vivo with 3-OPG. Significant uptake of 3-OPG is seen at 
the granule cell layer of dentate gyrus. Scale bar: 40 m. 
 
Brain is the central control of activity in higher organisms and has a high demand of 
energy. Fast and adequate glucose supply is critical for maintaining the neural activity. We 
therefore demonstrate imaging 3-OPG uptake in both in vitro neuron culture and ex vivo mouse 
brain tissue (Fig. 3.5). In cultured mouse primary hippocampal neurons, not only high level of 3-
OPG is imaged inside the soma, but also it can be seen clearly in the neuronal processes (Fig. 
3.5a), reflecting energy need in axons and dendrites for neural signaling. Intercellularly, 
significant variation in 3-OPG uptake is observed among different neurons, with over 2 times 
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difference from cells with low-glucose level to high-glucose demanding cells (Fig. 3.5a, 
arrowhead). This observation from the 3-OPG channel, which is absent from the corresponding 
protein amide image, indicates heterogeneous energy requirement at single neuron level. Going 
beyond the neuron cultures, 3-OPG uptake is also visualized in the hippocampus of mouse brain 
tissue slice cultured ex vivo. Pronounced signal is present in both the granule cell layer and 
nearby hilar region of dentate gyrus which is known to exhibit high metabolic activity28 (Fig. 
3.5b). Thus, 3-OPG is generally applicable as a vibrational imaging probe for glucose transport 
in both tumor and brain study with subcellular resolution. 
3.3 Conclusions 
In summary, we have designed, synthesized and characterized a novel glucose analogue 
with an alkyne vibrational tag (3-OPG). By coupling SRS microscopy to the alkyne tag, we have 
demonstrated vibrational imaging of glucose uptake activity in living cells and tissues with high 
sensitivity, specificity and biocompatibility. Our method can differentiate cancer cells with 
varied metabolic activities and reveal heterogeneous glucose uptake patterns in tumor xenograft 
tissues as well as in neuronal culture and mouse brain tissues at cellular resolution. Previous 
studies have been reported on glucose sensing in blood and metabolic incorporation using 
isotope-labeled glucose for imaging downstream products with Raman techniques29-34. However, 
they are either not in cellular environment or cannot visualize glucose uptake activity specifically. 
If compared to the classic PET tracers, 3-OPG can be synthesized in a highly cost-effective way 
without special handling of radioactive materials and endows optical imaging with subcellular 
resolution. If compared to the bulky fluorescent glucose analogues, 3-OPG has a minor structural 
modification without adding a significant size and weight to glucose, rendering better affinity to 
glucose transporters, less non-specific interaction and higher translocation efficiency (e.g., 
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crossing the blood-brain barrier). With the use of near-infrared lasers for nonlinear excitation, 
SRS is capable of high-resolution and deep tissue imaging with minimal phototoxicity and 
essentially no photobleaching35-37, and has recently achieved video-rate imaging in live animals 
and humans with potential clinical applications38,39. We therefore expect that vibrational imaging 
of 3-OPG with SRS microscopy would become an attractive technique for studying glucose 
uptake activity at the cellular level, especially in brain and malignant tumors that are inherently 
in high demand of energy. 
3.4 Supporting information 
Synthesis of 3-O-propargyl-D-glucose 
Reagents and solvents were obtained from Sigma-Aldrich and were used without further 
purification. Flash chromatography was performed on a Teledyne ISCO CombiFlashRf using 
RediSepRf silica gel columns. Nuclear magnetic resonance (NMR) spectra were recorded on a 
Bruker 400 (400 MHz) Fourier Transform (FT) NMR spectrometer at Columbia University, 
Chemistry Department. 1H NMR spectra are tabulated in the following order: multiplicity (s, 
singlet; d, doublet; t, triplet; m, multiplet; br, broad), number of protons. Chemical shifts are 
referenced to the solvent residual peak. Fast Atom Bombardment (FAB) high resolution mass 





To a solution of 1,2:5,6-Di-O-isopropylidene-α-D-glucofuranose (2, 500 mg, 1.92 mmol, 
Aldrich D7600) in 10 mL dry DMF was added sodium hydride (138 mg, 5.8 mmol) at  0 °C. The 
solution was stirred at 0 °C for 30 min before propargyl bromide (80% in toluene, 0.43 mL, 3.84 
mmol) was added dropwise. The reaction was stirred at room temperature for 12 h before 
quenched with saturated ammonium chloride solution (10 mL). The mixture was extracted with 
ethyl acetate (2 × 25 mL), and the organic layer was combined, dried over anhydrous sodium 
sulfate, concentrated in vacuo, and purified by column chromatography on silica gel (0-50% 
Ethyl acetate in Hexanes) to give 3 (518 mg, 90%) as a colorless oil. The 1H NMR spectrum is in 
accordance with previously published values40. 
1H NMR (400 MHz, CDCl3) δ 5.88 (d, J = 3.6 Hz, 1 H), 4.30 - 4.24 (m, 3 H), 4.14 (dd, J = 7.6, 
2.8 Hz, 1 H), 4.11 - 4.06 (m, 2 H), 3.99 (dd, J = 8.8, 5.6 Hz, 1 H), 2.47 (t, J = 2.4 Hz, 1 H), 1.50 
(s, 3 H), 1.42 (s, 3 H), 1.35 (s, 3 H), 1.31 (s, 3 H). 
HRMS (FAB+) m/z Calcd. for C15H23O6 [M+H]
+: 299.1495. Found: 299.1496 
 
To 3 (594 mg, 1.99 mmol) was added water (10 mL) and Dowex® 50WX8 hydrogen 
form (600 mg, Sigma-Aldrich 217514). The mixture was heated to 80 °C for 20 h before filtered. 
The filtrate was concentrated in vacuo to give 1 (416 mg, 1.91 mmol, 96%) as a white solid. 
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1H NMR (400 MHz, D2O) δ 5.13 (d, J = 3.6 Hz, 1 H), 4.44 (d, J = 2.4 Hz, 2 H), 3.79 – 3.73 (m, 
2 H), 3.70 – 3.61 (m, 2 H), 3.51 (dd, J = 9.8, 3.8 Hz 1 H), 3.40 (t, J = 9.6 Hz, 1 H), 2.82 (s, 1 H). 
13C NMR (101 MHz, D2O) δ 92.1, 80.8, 79.8, 75.9, 71.4, 71.2, 69.2, 60.4, 59.9. 
HRMS (FAB+) m/z Calcd. for C9H14O6Na [M+Na]
+: 241.0688. Found: 241.0683 
Spontaneous Raman spectroscopy 
Spontaneous Raman scattering spectra are acquired on an upright confocal Raman 
microscope (Xplora, Horiba Jobin Yvon) with 532 nm diode laser source and 1800 l/mm grating 
at room temperature. The excitation power is ~27 mW after passing through a 100 ×, air 
objective (MPlan N, 0.90 N.A., Olympus) and 80 s acquisition time is used to collect Raman 
spectra of all samples at single point under identical condition. The water Raman background is 
subtracted from all spectra. 
Stimulated Raman scattering microscopy 
An integrated laser system (picoEMERALD, Applied Physics & Electronics, Inc.) is used 
to produce all laser beams. A 1064 nm Stokes beam with 6 ps pulse width is generated at 80 
MHz repetition rate, and part of the Stokes beam is converted to 532 nm and used to seed an 
optical parametric oscillator to produce a picosecond mode-locked signal (pump beam) with 5-6 
ps pulse width (the idler is blocked with an interferometric filter). The wavelength of pump beam 
is tunable from 720 to 990 nm. The rest of Stokes beam is sinusoidally modulated in intensity 
using a built-in electro-optic-modulator at 8 MHz with over 95% modulation depth. Two 
dichroic mirrors inside the laser system are used to adjust the spatial overlap of pump and Stokes 




Both laser beams are introduced into an inverted multiphoton laser-scanning microscope 
(FV1200MPE, Olympus) which maximizes near IR output, and are focused onto the sample 
through a 25 × water objective (XLPlan N, 1.05 N.A. MP, Olympus) with high transmission at 
near IR wavelength. The size of pump and Stokes beams is optimized to match with the back-
aperture of the objective. After passing through the sample, a high N.A. condenser lens (oil 
immersion, 1.4 N.A., Olympus) is used to collect pump and Stokes beams with high efficacy in 
Kohler illumination. The laser-scanning motion is descanned using a telescope. The Stokes beam 
is blocked by a high O.D. bandpass filter (890/220 CARS, Chroma Technology) and only the 
pump beam is collected by a large area (1 cm × 1 cm) silicon photodiode (FDS1010, Thorlabs). 
The photodiode is reverse-biased with a 64 DC voltage to increase the saturation threshold and 
response bandwidth. After passing through a 8 MHz electronic bandpass filter (KR 2724, KR 
electronics) remove both high frequency laser pulsing component and low frequency fluctuations 
due to laser scanning, the generated current of photodiode enters a radio frequency lock-in 
amplifier (SR844, Stanford Research Systems) terminated with 50 Ω to demodulate the 
stimulated Raman loss signal from the pump beam. SRS images with 512 × 512 pixels per frame 
are generated by inputting the in-phase signal at the X channel of the lock-in amplifier to the 
analog interface box (FV10-ANALOG) of the microscope. ~150 mW modulated Stokes beam 
and ~140 mW pump beam, measured after the 25 × water objective, are used to image the 
sample at all frequencies. The imaging pixel dwell time is 100 s with ~26 s/frame and the time 
constant for demodulation is 30 s.  
Image processing and data analysis 
All images are assigned colors with ImageJ 1.48b. All data for comparisons are measured 
under identical imaging conditions. SRS image intensity of each experiment is calculated by 
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summing the signal from all cells within the optical field divided by the total cell area using 
MATLAB R2012a. The values from multiple independent experiments are then averaged to give 
the mean and standard deviation for each condition. Data fitting is carried out with OriginPro 8. 
Two-tailed student’s t-tests are performed with online calculator (GraphPad).  
 
Fig. 3.S1 Raman background of live mammalian cells. (a) Spontaneous Raman spectrum of 
blank live HeLa cells displays a flat baseline in the Raman window of 1800-2400 cm-1. (b) SRS 
images of blank unloaded HeLa cells confirm the negligible cellular Raman background at 2129 
cm-1 within the Raman-silent window. Scale bar: 20 m. 
Cell culture and sample preparation 
DMEM (11965), fetal bovine serum FBS (10082), penicillin-streptomycin (11540), 
Neurobasal-A medium (10888), Glucose-free Neurobasal-A medium (A24775), B27 serum-free 
supplement (17504) and L-glutamine (25030) are purchased from Invitrogen. Glucose-free 
DMEM (D5030), Phosphate buffered saline PBS (D8537 and D8662) and 2-NBDG (72987) are 
obtained from Sigma-Aldrich. Culture media for HeLa, L6 and U-87 MG cells is prepared by 
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adding 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin into DMEM. Neuron culture media 
is prepared from Neurobasal-A medium added with 1× B27 serum-free supplement and 0.5 mM 
L-glutamine. 
For tumor cell lines, cells are seeded on coverslips in 24-well plates each with ~0.5 mL of 
culture media and incubated at 37 °C and 5% CO2 for 2 days before experiment. The culture 
media are then replaced with regular media without D-glucose and supplemented with 8 or 25 
mM 3-OPG (from 250 mM stock solution in PBS) for various time at 37 °C and 5% CO2.  
 
Fig. 3.S2 Cell viability test of mammalian cells incubated with 3-OPG. (a) Two-color 
fluorescence images of HeLa standards and HeLa cells incubated with or without 25 mM 3-OPG 
for 4 hours. Dead HeLa cell standard is obtained by treating live cells with 70% ethanol for 30 
minutes. The assay is carried out using the LIVE/DEAD viability/cytotoxicity kit. Scale bar: 20 
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m. (b) Quantification of cell viability with or without 3-OPG incubation. Data are shown as 
Mean + SD (n=3 for each group). No cytotoxicity of 3-OPG is observed in HeLa cells.  
 
Cell viability assays are performed using the LIVE/DEAD viability/cytotoxicity kit for 
mammalian cells (Molecular Probes L-3224). In brief, HeLa cell standards and HeLa cells 
treated with or without 25 mM 3-OPG in glucose-free media for 4 hours are incubated with 2 
M calcein AM and 4 M EthD-1 working solution for 20 minutes at 37 °C before imaging. 
Two-color fluorescence images are collected using an Olympus FV1200 confocal microscope 
with 488 nm laser excitation and 505-525 (calcein-AM) and  655-755 nm (EthD-1) bandpass 
filter sets.  
 
Fig. 3.S3 Linear correlation between measured SRS intensity at 2129 cm-1 and 3-O-
propargyl-D-glucose PBS solutions of different concentrations. A detection limit (S/N=1) of 




For competition experiments with glucose, HeLa cells are incubated with 25 mM 3-OPG 
for 4 hours in the presence of 0, 10, 50 mM D-glucose or 50 mM L-glucose at 37 °C and 5% 
CO2 before imaging. 
For RNA interference experiments, ~60% confluent HeLa cells are forward transfected 
with 10 nM Silencer Select Negative Control No. 2 siRNA (Ambion 4390846) or 10 nM Silencer 
Select GLUT1 siRNA (s12925 validated, Ambion 4390824) using Lipofectamine RNAiMAX 
reagent (Invitrogen 13778) in regular media without antibiotic and after 48 hours, cells are 
incubated in glucose-free media with 25 mM 3-OPG for 30 minutes at 37 °C and 5% CO2 before 
imaging. 
For cytochalasin B inhibition experiments, HeLa cells are incubated in glucose-free 
media with 25 mM 3-OPG in the presence of 0.05% DMSO vehicle (control) or 10 M 




Fig. 3.S4 3-OPG efflux experiments in live HeLa cells. (a, b) HeLa cells were incubated with 
3-OPG at 37 °C before changing to glucose-free culture media without (a) or with (b) 10 M 
cytochalasin B for 0, 30 and 60 minutes. Scale bar: 20 m. (c) Quantification of 3-OPG intensity 
with time in both conditions.  
 
For 3-OPG efflux experiments, HeLa cells are first incubated in glucose-free media 
added with 25 mM 3-OPG for 30 minutes at 37 °C and 5% CO2. After that, the media are 
changed to fresh glucose-free media with or without 10 M cytochalasin B for 0, 30 and 60 




Fig. 3.S5 Insulin response of 3-OPG uptake in L6 muscle cells. (a, b) Representative SRS 
images of L6 rat muscle cells incubated with 3-OPG at 37 °C after treating with or without 1 
g/ml insulin for 24 hours. Scale bar: 20 m. (c) Quantifications of 3-OPG uptake in both 
conditions. Data are shown as Mean + SD. *, p<0.05 by Student’s t-test. 
 
For insulin induced glucose uptake experiments, L6 cells are seeded on coverslips in 24-
well plates and grown to confluence in regular DMEM media at 37 °C and 5% CO2. The media 
are then changed to DMEM with 2% horse serum (Sigma H1138) and 1% (v/v) penicillin-
streptomycin for 2-3 days to induce differentiation and fusion into muscle cells. Then L6 muscle 
cells are incubated with or without 1 g/ml insulin (Gibco 12585) in fresh low-serum media for 
24 hours. After that, the media are changed to glucose-free media with 25 mM 3-OPG for 30 




Fig. 3.S6 Uptake kinetics of 3-O-propargyl-D-glucose in live HeLa cells at 37 °C and room 
temperature. (a, b) Representative SRS images of HeLa cells incubated with 3-OPG at 37 °C (a) 
and RT (b) for various time durations before washing with PBS. Scale bar: 20 m. (c) Single-
exponential fitting of intracellular 3-OPG buildup with time at both conditions. (d) Linear fitting 
of initial rates of 3-OPG uptake at both temperatures. The fitting linearity improves at lower 
temperature. 
 
For uptake kinetics experiments, HeLa cells are incubated in glucose-free media with 25 




Fig. 3.S7 Analysis of uptake parameters of 3-O-propargyl-D-glucose (3-OPG) in live HeLa 
cells at different incubation concentrations. (a, b) Representative SRS images of HeLa cells 
incubated with 20 mM (a) and 50 mM (b) 3-OPG at 37 °C for short times (10 and 20 minutes). 
Scale bar: 20 m. (c) Linear fitting of initial 3-OPG uptake rate at 20, 25 and 50 mM incubation 
concentrations. (d) Hill equation (n=1) fitting of initial uptake rates vs. 3-OPG concentrations 
gives Km=26 mM and Vmax=0.71 mM/min for HeLa glucose transporters. If assuming HeLa cells 
have dimensions of 20 m×20 m×10 m, Vmax=0.71 mM/min=0.28 nmol/105 cells/min. 
 
For 3-OMG competition experiments, HeLa cells are incubated in glucose-free media 
with 25 mM 3-OPG in the absence or presence of 50 mM 3-OMG (Sigma M4879) for 30 




Fig. 3.S8 Competition experiment of 3-OPG uptake using non-metabolizable glucose 
analogue 3-OMG in live HeLa cells. (a, b) Representative SRS images of HeLa cells incubated 
with 3-OPG at 37 °C in the absence (a) or presence (b) of 50 mM 3-OMG. Scale bar: 20 m. (c) 
Quantifications of 3-OPG uptake in both conditions. Data are shown as Mean + SD (n=3 for 





Fig. 3.S9 Simultaneous fluorescence and SRS imaging of live HeLa cells co-incubated with 
2-NBDG and 3-O-propargyl-D-glucose. (a) Confocal fluorescence and bright-field images of 
live HeLa cells. (b) SRS images of live HeLa cells at three channels. All images display the same 
set of cells. Scale bar: 20 m. 
 
For simultaneous fluorescence and SRS imaging of 2-NBDG and 3-O-propargyl-D-
glucose uptake, HeLa cells are incubated in glucose-free media with 25 mM 3-OPG and 100 M 
2-NBDG for 1 hour. Cells are then washed with 1 mL PBS twice and assembled into a chamber 
filled with PBS solution for imaging. Fluorescence images are collected using an Olympus 




Fig. 3.S10 Comparison of 3-OPG uptake levels in cancer cells with different malignancy. (a) 
Spontaneous Raman spectra of HeLa and U-87 MG cells incubated with 3-OPG. (b) SRS images 
of 3-OPG distribution in live HeLa and U-87 MG cells. Scale bar: 20 m. (c) Significantly 
enhanced uptake of 3-OPG in U-87 MG cells compared with HeLa cells. Data are shown as 
Mean + SD (n=3 for each group). *, p<0.05 by Student’s t-test. 
 
For primary mouse hippocampal neurons, cells are seeded on coverslips in 24-well plates 
each with ~1 mL of neuron culture media and incubated at 37 °C and 5% CO2 for 7 days. Then 
the media is changed to glucose-free neuron culture media supplemented with 1 mM sodium 
pyruvate and 3-OPG (250 mM in PBS solution) is added into the media with a final 
concentration of 32 mM for 1 hour.  
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After incubation of all cell samples, the media is discarded and the coverslip is washed 
gently with 1 mL PBS buffer twice, assembled into a chamber filled with PBS solution and ready 
for spontaneous Raman scattering measurement and SRS imaging. 
Tissue culture and sample preparation 
All mice experiments are performed with approval from Columbia University IACUC. 
Mouse tumor xenograft model is generated by subcutaneously injecting 5-10×106 U-87 MG 
human glioblastoma cells into the left flank of female J:NU immunodeficient mice (Jackson 
Laboratory) and allowed to grow for 3-4 weeks. 
Ex vivo culture of mouse U-87 MG tumor xenograft slices. Tumors embedded in agarose 
are sliced with a Leica vibratome at 400 m thickness and quickly transferred to Millicell cell 
culture insert (Millipore PICM03050) in DMEM media at 37 °C and 5% CO2. After 1 day 
culture, the media is changed to DMEM media without glucose and 3-OPG (in PBS solution) is 
added into the media with a final concentration of 32 mM for 3 hours before imaging. 
For ex vivo slice culture of mouse brain. 300 m thick brain slices are obtained from D26 
mice (C57BL/6J) using a Leica vibratome and plated on Millicell cell culture insert in glucose-
free Neurobasal-A medium added with 1× B27 serum-free supplement, 1 mM L-glutamine and 1 
mM sodium pyruvate. 3-OPG (in PBS solution) is added into the media with a final 
concentration of 32 mM for 3 hours at 37 °C and 5% CO2 before imaging. 
After incubation, the insert is taken out and the tissue is washed twice with 1 mL PBS 
buffer. The tissue slice is then transferred to a chamber filled with PBS solution and a coverslip 
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Bioorthogonal chemical imaging of metabolic activities in live mammalian 
hippocampal tissues with stimulated Raman scattering 
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Brain is an immensely complex system displaying dynamic and heterogeneous metabolic 
activities. Visualizing cellular metabolism of nucleic acids, proteins, and lipids in brain with 
chemical specificity has been a long-standing challenge. Recent development in metabolic 
labeling of small biomolecules allows the study of these metabolisms at the global level. 
However, these techniques generally require nonphysiological sample preparation for either 
destructive mass spectrometry imaging or secondary labeling with relatively bulky fluorescent 
labels. In this study, we have demonstrated bioorthogonal chemical imaging of DNA, RNA, 
protein and lipid metabolism in live rat brain hippocampal tissues by coupling stimulated Raman 
scattering microscopy with integrated deuterium and alkyne labeling. Heterogeneous metabolic 
incorporations for different molecular species and neurogenesis with newly-incorporated DNA 
were observed in the dentate gyrus of hippocampus at the single cell level. We further applied 
this platform to study metabolic responses to traumatic brain injury in hippocampal slice cultures, 
and observed marked upregulation of protein and lipid metabolism particularly in the hilus 
region of the hippocampus within days of mechanical injury. Thus, our method paves the way 
for the study of complex metabolic profiles in live brain tissue under both physiological and 





On the physiology level, brain activities comprise both relatively fast chemical (calcium 
and neurotransmitter) or electrical signals and relatively slow metabolic turnover of small 
metabolites into DNA, RNA, proteins and lipids. While the former signaling process has been 
extensively probed by electrophysiology and fluorescent techniques1-3, visualizing the overall 
downstream genetic replication, transcription, translation and lipid metabolism in brain with 
cellular resolution has been a long-standing challenge. Biomacromolecules including nucleic 
acids, proteins and lipids are made of repeated small-molecule building blocks either derived 
from glucose glycolysis intermediates or directly from nutrients like amino acids, choline, fatty 
acids and nucleosides. Thus, labeling through small building blocks allows the visualization of 
cellular metabolism at a global level4-14. However, these metabolically labeled species either rely 
on destructive detection based on mass spectrometry, or lack other intrinsic imaging contrast, 
thereby requiring cell fixation and secondary labeling with relatively bulky fluorescent labels. 
Novel imaging methods that accomplish the direct metabolic imaging in living systems would 
enable researchers the unprecedented ability to map out distributions and to follow dynamics of 
these important metabolic activities in the brain tissue. 
As an emerging multiphoton optical imaging technique, stimulated Raman scattering 
(SRS) microscopy is sensitive and specific in detecting chemical bonds, offering diffraction-
limited subcellular resolution, linear concentration dependence with background-free chemical 
contrast for quantitative measurement and intrinsic 3D optical sectioning capability15-22. The use 
of picosecond excitation pulses and near-infrared wavelength also reduce photon scattering 
inside tissue samples and potential phototoxicity23-25. Recently, two small bioorthogonal labels 
(alkyne and carbon-deuterium bonds) have been developed for SRS microscopy. Bioorthogonal 
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chemical imaging of small biomolecules with these two labels has been separately demonstrated 
in live cells, including amino acids, nucleic acids, glycan, choline, fatty acids, glucose and 
cholesterol26-35. To harness both the strong Raman signal of alkyne36-38 and the high 
incorporation efficiency of deuterium26,31,39 for SRS imaging, we rationally integrate alkyne and 
deuterium labeling according to the biochemical property of individual species. For the first time 
we demonstrate this integrated platform in visualizing multiple metabolisms in the brain tissue 
including a traumatic brain injury model (Fig. 4.1a). 
 
Fig. 4.1 Metabolic labeling of hippocampus with integrated alkyne and deuterium labeled 
small metabolites for SRS microscopy. (a) Chemical structures of alkyne or deuterium labeled 
molecules used in the study and illustration of mammalian hippocampal structure indicated with 
DG, CA3, CA1 and H (hilus) regions. Deuterated amino acids are represented by d10-Leucine. (b) 
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Protein metabolism in live rat hippocampal slices with deuterated amino acids. Active amino 
acid incorporation and protein synthesis are imaged in both dentate gyrus and CA1 regions of 
hippocampus. The C-D images at 2133 cm-1 show the newly synthesized protein from deuterated 
amino acids. The 2000 cm-1 images are the off-resonance background channels of the same area. 
The CH2 2845 cm
-1 and CH3 2940 cm
-1 channels show the intrinsic distribution of total lipids and 
proteins in the same region. Rat hippocampal slices are cultured in media supplemented with 
deuterated amino acids for 3 days before SRS imaging. Scale bar: 40 m.  
The mammalian hippocampus is an active region of brain metabolism involved in 
learning, memory formation, and has strong implications in many neurological diseases. 
Organotypic hippocampal slice culture provides a complex tissue model that mimics the 
structure and activity in vivo with multiple cells types (neurons and glia) coexisting in a three-
dimensional architecture40. It is known to have well-preserved structural and functional 
characteristics, with clear identification of neuronal regions of dentate gyrus (DG), cornu 
ammonis 3 (CA3) and CA1 interconnected by the Mossy fibers and Schaffer collaterals41. In 
addition, as compared to acute slice culture that can only last for days in our previous report30, 
organotypic hippocampal tissue slices can be maintained for several weeks, allowing for long-
term study, and are suitable for studying tissue metabolism with a relatively slow turnover. By 
coupling SRS microscopy with integrated deuterium and alkyne labels, we can visualize active 
metabolisms of DNA, RNA, protein and lipids in both the dentate gyrus and CA regions of rat 
hippocampus. Characteristic patterns of metabolic incorporation are observed for different 
metabolite species. By targeting DNA synthesis, newly-generated neurons are highlighted at the 
single cell level, and symmetric neural precursor cell division is observed in the subgranular 
zone of the dentate gyrus, where active neurogenesis occurs.  
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Traumatic brain injury (TBI) is one of the leading causes of adult disability and death 
worldwide. It commonly occurs during sports (concussions) and is also prevalent among youth, 
being the primary cause of death in childhood42-44. It is caused by rapid deformation of the brain 
during trauma including impact, penetration or deceleration forces, such as in automobile 
accidents or falls, which can lead to a cascade of pathological events at the molecular level and 
ultimately neurodegeneration. The hippocampus is commonly found damaged in TBI from post-
mortem and in vivo studies45,46. Many studies have reported the changes in the long-term 
potentiation and calcium flux in hippocampal neurons after mechanical injury47-50. However, 
how these acute responses influence the downstream metabolism of the hippocampus and how 
the hippocampal tissue responds to the resulting injury metabolically remains poorly understood.  
Therefore, visualizing hippocampus metabolism before and after mechanical trauma will 
identify the key region involved in tissue damage and degeneration and provide potential target 
for selective intervention. In this study, a previously developed in vitro TBI model is used to 
simulate the mechanical deformation experienced by the brain tissue during in vivo trauma51,52. 
We found that, compared to uninjured tissues, rat hippocampal tissues undergoing mechanical 
stretch injury exhibit markedly increased protein and lipid synthesis within days of injury, 
indicating fast and activated anabolic metabolism for cell proliferation and repair. Therefore, our 
method provides an important demonstration of probing metabolic responses in a traumatic brain 
injury model by bioorthogonal chemical imaging.  
4.2 Results 
4.2.1 Visualization of protein and lipid metabolism in live rat hippocampal tissues 
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Due to the high incorporation efficiency of deuterated amino acids than the alkyne-
labeled counterparts, they are used to visualize protein metabolism in live rat hippocampal slices 
with SRS microscopy. Fig. 4.1b shows active amino acid incorporation and new protein 
synthesis throughout the hippocampus including both dentate gyrus and CA regions. The images 
at 1900 or 2000 cm-1 show the off-resonance signal as the background reference. And the CH2 
vibrations at 2845 cm-1 mainly from total lipids and CH3 vibrations at 2940 cm
-1 mainly from 
total proteins are imaged label-free to outline the cell morphology in tissue. 
Choline is the hydrophilic headgroup of phosphatidylcholine, which is a highly abundant 
phospholipid in cell membrane. With the strong signal of the alkyne label, propargyl choline10 is 
applied to visualize phospholipid turnover and cellular membrane synthesis (Fig. 4.2a). Fatty 
acid is a common precursor for many lipids with the hydrophobic acyl chain, and fully 
deuterated palmitic acid (d31-PA) is used to visualize lipid synthesis and metabolism in live rat 
hippocampal tissues (Fig. 4.2b). New membrane synthesis and lipid incorporation from both 
choline and fatty acid are imaged with strong intensity in both dentate gyrus and CA regions of 
hippocampus. Overall, with deuterated amino acids, propargyl choline and d31-PA as metabolic 
building blocks, organotypic hippocampal tissues from neonatal rats are shown to have globally 
active metabolism of proteins and lipids, which is successfully imaged by SRS microscopy 




Fig. 4.2 Lipid metabolism in live rat hippocampal slices with propargyl choline and fully 
deuterated palmitic acid (d31-PA). Active membrane synthesis and lipid metabolism from both 
choline and fatty acid are imaged in both dentate gyrus and CA1 regions of hippocampus. The 
alkyne images at 2140 cm-1 show the newly incorporated phospholipids with propargyl choline 
and the C-D images at 2105 cm-1 show the newly synthesized lipids from d31-PA. The 1900 and 
2000 cm-1 channels are the off-resonance images of the same area. The CH2 2845 cm
-1 and CH3 
2940 cm-1 channels are label-free images of total lipids and proteins in the same region. (a) Rat 
hippocampal slices are incubated with 2 mM propargyl choline for 2-3 days before SRS imaging. 
(b) Rat hippocampal slices are incubated with 200 M d31-PA for 5 days before SRS imaging. 
Scale bar: 40 m. 
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4.2.2 Metabolic patterns of amino acids, choline and fatty acid 
A more quantitative examination in the incorporation pattern of each metabolite by 
dividing over the label-free images of lipid or protein distribution reveals characteristic 
metabolic patterns of amino acids, choline and fatty acid (Fig. 4.3). In protein metabolism, new 
protein synthesis is the most active in the neuronal cell body, with strong signal in both the 
granule cell layer of DG and pyramidal cells in CA1 region. Protein turnover is especially fast in 
the nucleoli, which light up inside the nucleus with predominant newly-synthesized protein from 
ribosomal biogenesis (Fig. 4.3a).  
 
Fig. 4.3 Metabolic incorporation patterns of different metabolite species from quantitative 
ratiometric images. (a) Ratiometric images of new protein synthesis (C-D 2133 cm-1) over old 
proteins (CH3 2940 cm
-1) in both dentate gyrus and CA1 regions of hippocampus. Protein 
synthesis is highly active in the neuronal cell body particularly the nucleoli (arrows). (b) 




-1) in both dentate gyrus and CA1 regions of hippocampus. Choline is enriched in 
soma structures of selected cells (arrows). (c) Ratiometric images of fatty acid incorporation and 
new lipid synthesis (C-D 2105 cm-1) over old lipids (CH2 2845 cm
-1) in both dentate gyrus and 
CA1 regions of hippocampus. Palmitic acid is evenly incorporated in the hippocampal tissues. 
Scale bar: 40 m. 
 
For phospholipid metabolism, the incorporation of choline headgroup into phospholipids 
is favored in selected cells and sparsely labeled in both the dentate gyrus and CA1 region of the 
hippocampal tissues. At the single-cell level, choline is enriched into the soma structure outside 
nucleus, highlighting the individual cell body out of the surrounding lipid-rich region (Fig. 4.3b). 
In general, protein and phospholipid turnover are shown to be faster in the cell-body-rich grey 
matter region than in the extended processes, with higher ratios of newly synthesized protein and 
choline phospholipids (Fig. 4.3a, b).  
In fatty acid metabolism probed with deuterated palmitic acid, newly synthesized lipids 
from palmitic acid incorporation are more evenly distributed in the tissue, with much less 
variation in the ratios across the tissue in both the cell body and the processes except the nucleus 
(Fig. 4.3c), compared to the protein and phospholipid distribution. This suggests a more uniform 
incorporation and metabolism of palmitic acid as a common intermediate of lipid species and 
biomass in cells. 
4.2.3 Nucleic acid metabolism and cell division dynamics in live rat hippocampal tissues 
Genetic material is the origin of cellular metabolism. Nucleic acid metabolism is also 
visualized in live rat hippocampal slices using alkyne labeled nucleosides. Newly synthesized 
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RNA is imaged using ethynyl uridine (EU)8 in the CA1 pyramidal neuron, which accumulates in 
the nucleoli that are known to have a high concentration and turnover of ribosome RNA (Fig. 
4.4a). Moreover, with ethynyl deoxyuridine (EdU)9, newly synthesized DNA for new cell 
division is visualized inside the nucleus at the single cell level in the subgranular zone of granule 
cell layer (GCL) (Fig. 4.4b), demonstrating active neurogenesis in postnatal rat hippocampus 
development.  
 
Fig. 4.4 Nucleic acid metabolism and cell division dynamics in live rat hippocampal slices 
with ethynyl uridine (EU) and ethynyl deoxyuridine (EdU). (a) Newly synthesized RNA is 
visualized in the nucleolus of CA1 pyramidal neurons. Rat hippocampal slices are incubated with 
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2 mM EU (alkyne 2123 cm-1) for 7 hours before SRS imaging. (b) Newly synthesized DNA is 
imaged inside the nucleus of neuron at the subgranular zone of dentate gyrus, indicating 
neurogenesis. Rat hippocampal slices are incubated with 300 M EdU (alkyne 2123 cm-1) for 3 
days before SRS imaging. (a, b) Scale bar: 10 m. (c) Different DNA incorporation patterns are 
observed with two-color pulse-chase labeling of EdU, likely from two cell division cycles. Rat 
hippocampal slices are pulsed with 400 M 12-12EdU (alkyne 2123 cm-1) for 12 hours then 
chased with 400 M 13-13EdU (alkyne 2048 cm-1) for 14 hours before SRS imaging. (d) 
Symmetric neural progenitor cell division is captured in the dentate gyrus of hippocampal tissue. 
Inset: zoom-in area showing the distribution of newly synthesized DNA. Rat hippocampal slices 
are incubated with 200 M EdU for 3 days before SRS imaging. (c, d) Scale bar: 20 m. 
 
Previously, our group has developed 13C isotope edited alkyne label for multicolor SRS 
imaging of different species in cell culture53. Here we apply both 12C and 13C labeled EdU 
isotopologues to follow DNA synthesis dynamics in precursor cell division by two-color pulse-
chase labeling (Fig. 4.4c). We first pulse the rat hippocampal tissue with 12C labeled EdU for 12 
hours and then chase with 13C labeled EdU with 14 hours. Distinct patterns of metabolically 
labeled DNA are observed at comparable intensity in the same cell, resulting from different time 
points of synthesis and incorporation. The early incorporated DNA in green is more evenly 
distributed in the nucleus while the lately incorporated DNA in yellow is concentrated in a ring 
structure at the outer edge of the nucleus, suggesting a mid-S phase in the current cell cycle. 
Symmetric cell division with mirror-image like distribution of newly synthesized DNA is 
also captured in the dentate gyrus of live rat hippocampal tissue (Fig. 4.4d and inset), suggesting 
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neural progenitor cell division. Further, by optically sectioning the tissue at different depths with 
SRS, multiple cells with newly incorporated DNA are observed in the same region of the dentate 
gyrus (Fig. 4.S1), indicating frequent neurogenesis. Many newly born cells migrate from the 
hilus into the granule cell layer during postnatal development54,55. Based on the relative distance 
of the newborn cells from the interface between the granule cell layer and the hilus of the dentate 
gyrus, the relative age of these new granule cells within the 3-day labeling window could be 
estimated. The hilar region is circled in red and characterized by the high content of axons. The 
neurons marked by EdU deep in the granule cell layer are likely to occur earlier than the ones 
closer to the hilar region. 
 
Fig. 4.5 Metabolic response in live rat hippocampal slices after traumatic injury. (a) 
Schematic diagram depicting three slice cultures on a silicone membrane held in a stainless steel 
well for inducing mechanical deformation. The well is displaced over a circular indenter to 
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generate an equi-biaxial and spatially homogenous strain field on the membrane and the adhered 
tissues. (b, c) Increased amino acid incorporation and protein synthesis are observed in the hilus 
of dentate gyrus. Rat hippocampal slices without (b) or with (c) mechanical stretch are cultured 
in media supplemented with deuterated amino acids for 1 day before SRS imaging. Scale bar: 40 
m. 
 
4.2.4 Metabolic responses in live rat hippocampal tissues after traumatic injury 
After characterizing metabolic activities of rat hippocampus under physiological 
conditions, we next studied the metabolic responses in live rat hippocampal slices after traumatic 
injury. Live rat hippocampal slices are cultured on a deformable membrane, to which an equi-
biaxial and spatially homogenous strain field is applied with active feedback control to stretch 
the tissue accurately and reproducibly (Fig. 4.5a)51,52. Because brain tissue is an incompressible 
material, this two-dimensional mechanical stretch of organotypic hippocampal slice induces 
tissue compression in the orthogonal direction, mimicking the three-dimension state of strain and 
tissue deformation caused by deceleration forces52,56. In this in vitro TBI model, we can simulate 
the tissue injury occurred during in vivo brain trauma such as automobile accidents or falls and 
monitor the resulting metabolic changes by SRS microscopy.  
Strong metabolic responses are observed in the stretch injured rat hippocampal tissues 
within days of injury. By imaging protein metabolism with deuterated amino acid, an increase in 
new protein synthesis is visualized in live rat hippocampal slices one day after the stretch injury, 
compared to uninjured hippocampal tissues (Fig. 4.5b, c). The increase in protein synthesis is 
especially prominent (3-fold) in the hilar region of dentate gyrus (Fig. 4.S2). Similarly, lipid 
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synthesis and metabolism from both propargyl choline and deuterated palmitic acid 
incorporation are also found to be enhanced in the injured hippocampal tissues, particularly in 
the hilar region of the dentate gyrus (Fig. 4.6). Especially for the fatty acid, which is a key 
intermediate for cell lipid synthesis and cell proliferation, an over 10 times increase in the signal 
is observed in the hilus of the injured tissues after one day (Fig. 4.6c, d and Fig. 4.S2). Overall, 
this shows wide-range metabolic responses in both protein and lipid metabolism of hippocampal 
tissues undergoing mechanical injury. Amino acids, choline and fatty acid provide the important 
metabolic building blocks in cell biomass synthesis and accumulation for fast cell repair and 




Fig. 4.6 Upregulated lipid metabolism in live rat hippocampal slices after stretch injury. 
Increased choline and fatty acid metabolism for membrane synthesis are observed in the hilus of 
dentate gyrus. (a, b) Rat hippocampal slices without (a) or with (b) mechanical stretch are 
incubated with 2 mM propargyl choline for 2 days before SRS imaging. (c, d) Rat hippocampal 
slices without (c) or with (d) mechanical stretch are incubated with 100 M d31-PA for 1 day 
before SRS imaging. Scale bar: 40 m. 
4.3 Discussion 
We have presented complex metabolic imaging in live mammalian hippocampal tissue by 
SRS microscopy coupled with integrated alkyne and deuterium bioorthogonal labels. By labeling 
with amino acids, choline, fatty acid and nucleosides, protein, lipids, RNA and DNA metabolism 
have been visualized in rat organotypic hippocampal slices, where active incorporation and 
metabolism occur throughout the dentate gyrus and CA regions. As a major step further from the 
previous cell culture studies, this work demonstrates the utility of bioorthogonal chemical 
imaging with SRS microscopy to map out complex activities and dynamics of brain metabolism 
in organotypic tissue culture. 
Characteristic spatial patterns of metabolic incorporation are observed for amino acids, 
choline and fatty acid, indicative of key locations of synthesis and degradation of each species. 
Protein synthesis and turnover is highly active in the neuronal cell body especially in the nucleoli 
(Fig. 4.3a), whereas lipid synthesis is most abundant outside the nucleus with choline 
incorporation being concentrated in the soma structure surrounding the nucleus (Fig. 4.3b) and 
fatty acid being uniformly incorporated throughout the hippocampal tissues (Fig. 4.3c). These 
observations are consistent with the subcellular active sites of fast protein turnover in nucleoli57, 
88 
 
phospholipid synthesis on endoplasmic reticulum58 and fatty acid utilization as a general 
metabolic intermediate in cellular biomass synthesis.  
As the center of memory in brain, genetic material turnover and neurogenesis are 
especially important in hippocampus metabolism. Ribosome RNA transcription is visualized in 
the nucleolus of CA1 pyramidal neurons (Fig. 4.4a). Newly generated neurons are identified at 
the single-cell level with metabolically labeled DNA in the subgranular zone of rat hippocampal 
tissues (Fig. 4.4b). Using two-color pulse-chase labeling to follow the cell division cycle with 
isotope-edited EdU, different patterns of DNA synthesis and incorporation are shown, suggesting 
two cell cycles (Fig. 4.4c). The time interval between consecutive division cycles of the same 
cell can be estimated to be less than 26 hours, which is consistent with the cell cycle length (25 
hours) of cells in the dentate gyrus of rat hippocampus59. In addition, symmetric progenitor cell 
division is captured in the subgranular zone of dentate gyrus (Fig. 4.4d), and multiple neurons 
with newly synthesized DNA are visualized in the same region of granule cell layer at different 
depths with 3D optical sectioning of SRS (Fig. 4.S1). The relative origin of time point of these 
cells could be inferred from their distances with reference to the granule cell layer and hilus of 
the dentate gyrus. This highlights the multiple approaches applicable for following DNA 
metabolism, particularly key to the neurogenesis in the hippocampus.  
Visualizing the metabolic changes in hippocampus under pathological condition is also 
achieved in an in vitro TBI model, which mimics in vivo brain trauma during car accidents or 
falls. Strongly increased protein and lipid synthesis are observed in stretch injured tissues within 
1-2 days of trauma, especially in the hilus of the hippocampus (Fig. 4.5, 4.6 and Fig. 4.S2). This 
could be due to both increase in cell density and local elevation of cellular metabolic activities. 
The hilar region of the dentate gyrus is rich in axon projections originated from granule cell layer 
89 
 
and mossy cells60. Thus, it could be most sensitive to mechanical force and responds strongly to 
the resulting axonal injury and mossy fiber disruption by activating a cascade of anabolic 
metabolism for cell regeneration and neuron repair.  
4.4 Conclusions 
In conclusion, we have integrated the bioorthogonal chemical labels and demonstrated 
their application in visualizing complex metabolism in live rat hippocampal tissues with SRS 
microscopy. Our technique is capable to monitor specific metabolic activities of DNA, RNA, 
protein and lipids in complex cellular settings and sensitively capture the metabolic changes 
occurred during tissue damage in a traumatic brain injury model. The same platform can be 
potentially applied to other brain disease or injury models based on organotypic brain tissue 
culture. It is expected that our technique will be a powerful tool to visualize global downstream 
metabolism after initial signaling events and to identify key regions of interest for therapeutic 
development in treating concussion-related head injury, especially if combined with small 
molecule screening61.  
4.5 Materials and methods 
Stimulated Raman scattering microscopy 
All laser beams are produced by a custom-modified laser system (picoEMERALD, 
Applied Physics & Electronics, Inc.) A fundamental 1064 nm Stokes laser (6 ps pulse width) is 
generated at 80 MHz repetition rate, and its intensity is modulated sinusoidally by an electro-
optic-modulator at 8 MHz with >90% modulation depth. A mode-locked pump beam (5-6 ps 
pulse width) is produced by a build-in optical parametric oscillator to have a tunable range of 
720-990 nm. Both laser beams are coupled into an inverted laser-scanning multiphoton 
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microscope (FV1200MPE, Olympus) with optimized near-IR throughput. The spatial and 
temporal overlapping of pump and Stokes beam are achieved using two dichroic mirrors and a 
delay stage inside the laser system based on the heavy water SRS signal. A 25 × water objective 
(XLPlan N, 1.05 N.A. MP, Olympus) with high near-IR transmission is used to image all 
samples. The beam sizes of pump and Stokes laser are adjusted to match the back-aperture of the 
objective. After the sample in the forward-transmitted direction, a high N.A. condenser lens (oil 
immersion, 1.4 N.A., Olympus) collects both beams in Kohler illumination with high efficiency. 
Beam motion from laser-scanning is descanned with a telescope and a high O.D. bandpass filter 
(890/220 CARS, Chroma Technology) is used to block the Stokes beam completely and only 
passes the pump beam. A large-area (10 mm × 10 mm) silicon photodiode (FDS1010, Thorlabs) 
is reverse-biased with a 64 DC voltage to maximize saturation threshold and response bandwidth 
and is used to collect the entire pump beam. The output photocurrent is electronically filtered to 
remove both the 80 MHz component of laser pulsing and low frequency fluctuations from 
scanning motion using a 8 MHz electronic bandpass filter (KR 2724, KR electronics), and is 
terminated with 50 Ω before entering a radio frequency lock-in amplifier (SR844, Stanford 
Research Systems). The corresponding voltage signal is demodulated at the reference frequency 
to extract the stimulated Raman loss signal from the pump beam with near short-noise-limited 
sensitivity. SRS images are generated by inputting the in-phase signal at the X channel of the 
lock-in amplifier to the analog interface box (FV10-ANALOG) of the microscope at each pixel 
and scanning across the whole field of view. ~120 mW pump beam and ~150 mW modulated 
Stokes beam, measured after the 25 × water objective, are used to image the sample at all 
frequencies. The demodulation time constant is 30 s and the imaging pixel dwell time is 100 s 




Fig. 4.S1 Frequent neurogenesis in the dentate gyrus of live rat hippocampal slice. Multiple 
newly generated granule cells are observed in the same region of dentate gyrus in z sectioning 
images of every 5 m. Rat hippocampal slices are incubated with 200 M EdU for 3 days before 
SRS imaging. Scale bar: 20 m.  
 
Organotypic hippocampal slice culture 
Organotypic hippocampal slice culture (OHSC) is performed as described in previous 
literature41,52 and the protocol is approved by IACUC at Columbia University. All experiments 
are performed in accordance with the relevant guidelines and regulations. In brief, Sprague 
Dawley rat pups are decapitated at postnatal day 8-10 (P8-P10), and the hippocampus is quickly 
isolated and placed in ice-cold Gey’s balanced salt solution (Sigma). A McIlwain tissue chopper 
is used to cut the hippocampus into 400 m thick sections which are immediately plated on 
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Millicell cell culture inserts (Millipore) or silicone membranes in Neurobasal (Invitrogen) 
medium supplemented with B27 (1X, Invitrogen), GlutaMAX (1 mM, Invitrogen), and D-
glucose (4.5 mg/ml, Sigma) at 37°C and 5% CO2. After 2 days in vitro (DIV), the medium is 
changed to medium containing serum comprised of 50% MEM (Sigma), 25% heat-inactivated 
horse serum (Sigma), 25% Hank’s balanced salt solution (Sigma), GlutaMAX (1 mM, 
Invitrogen), and D-glucose (4.5 mg/ml, Sigma). Medium is changed every 2-3 days. 
 
Fig. 4.S2 Increased protein and lipid metabolism in live rat hippocampal tissues after 
mechanical injury. (a) A 3-fold increase in protein synthesis is observed in the hilar region of 
the injured tissue. (b) A 1.7 times increase in choline incorporation is observed in the hilar region 
of the injured tissue. (c) An over 10-fold increase in fatty acid incorporation is observed in the 
hilus of the injured tissue. Increase protein and lipid metabolism are also observed in the granule 
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cell layer (GCL) of dentate gyrus, but the extent of metabolic response is weaker. Data are 
shown as mean ± standard deviation. Scale bar: 40 m. 
 
In vitro model of traumatic brain injury 
After 10 DIV, OHSCs cultured on silicone membranes are subjected to a moderate 
mechanical injury, known to induce changes in gene expression consistent with an in vivo 
injury62.  The injury is induced by stretching the underlying silicone substrate to a predetermined 
strain (20%) at a predetermined strain rate under motion-control to produce the desired tissue 
injury.  Our well-established model produces a highly accurate and reproducible injury to 
OHSCs40,52,56.  High speed video (MotionPro, Redlake, Pasadena, CA) is used to verify tissue 
deformation by image analysis at 1000 frames per second. Lagrangian strain of the tissue is 
determined by calculating the deformation gradient tensor by locating fiduciary markers on the 
tissue slice before and at maximal stretch using custom MATLAB (MathWorks, Natick, MA) 
scripts61.  
Metabolic incorporation of alkyne and deuterium labeled species 
After 7-12 DIV in regular medium or immediately after injury, OHSC medium is 
changed to fresh culture medium supplemented with deuterated amino acids, propargyl choline, 
d31-PA (Sigma), EU (Invitrogen) or EdU (Invitrogen) at specified concentrations for the given 
time. A full recipe of deuterated amino acids medium is given in Table 4.1 adapted from 
previous literature30. At the end of the incubation, the tissue slices are washed with phosphate 
buffered saline (PBS, Sigma) for 3 times and transferred into a chamber filled with PBS solution 
ready for SRS imaging. 
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Table 4.1 Deuterated amino acids medium for metabolic labeling of organotypic 
hippocampal tissue. The culture medium is made of deuterated Neurobasal-A medium with 1X 
B27 serum-free supplement (Invitrogen), 1 mM GlutaMAX (Invitrogen) and 4.5 mg/ml D-
glucose (Sigma).  
Amino acids Concentration (mM) Catalog number, product company 
Glycine-d5 0.4 DLM-280, Cambridge isotope 
L-Alanine-d4 0.022 DLM-250, Cambridge isotope 
L-ArginineHCl-d7 0.398 DLM-541, Cambridge isotope 
L-Asparagine-d8 0.006 672947 ALDRICH (Isotech) 
L-Cysteine2HCl (regular) 0.26 C6727, SIGMA 
L-HistidineHClH2O (regular) 0.2 H5659, SIGMA 
L-Isoleucine-d10 0.802 DLM-141, Cambridge isotope 
L-Leucine-d10 0.802 DLM-567, Cambridge isotope 
L-LysineHCl-d8 0.798 616214, ALDRICH (Isotech) 
L-Methionine-d3 0.201 DLM-431, Cambridge isotope 
L-Phenylalanine-d8 0.4 DLM-372, Cambridge isotope 
L-Proline-d7 0.067 DLM-487, Cambridge isotope 
L-Serine-d3 0.4 DLM-582, Cambridge isotope 
L-Threonine (regular) 0.798 T8441, SIGMA 
L-Tryptophan (regular) 0.078 T8941, SIGMA 
L-Tyrosine-d2 0.398 DLM-2317, Cambridge isotope 
L-Valine-d8 0.803 DLM-488, Cambridge isotope 
The formulations of vitamins, inorganic salts and other components (without phenol red) are the 




All images were collected with FluoView scanning software, assigned color and analyzed 
by ImageJ. Ratiometric images are calculated with ImageJ under identical parameters. 
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A novel nanoparticle-based imaging strategy is introduced that couples biocompatible organic 
nanoparticles and stimulated Raman scattering (SRS) microscopy. Polymer nanoparticles with 
vibrational labels incorporated were readily prepared for multi-color SRS imaging with excellent 
photo-stability. The Raman-active polymer dots are nontoxic, rapidly enter various cell types, 





Molecules and nanomaterials that can be readily imaged have found great utility as 
contrast agents in biological and medical research1-3. Recently, metal nanoparticles and quantum 
dots (Q-dots) have become an attractive platform for bioimaging4-5. Q-dots exhibit narrow light 
emission and high quantum yields that enable multiplexing, and metal nanoparticles offer precise 
shape tunability. However, these systems have been shown to be less than ideal in biological 
applications due to inherent limitations, including cytotoxicity from metal ion leaching, elaborate 
surface processing to maintain stability in fluctuating environments, and small scale syntheses 
with batch variability6-8. Alternatively, carbon-based materials such as graphene9, carbon 
nanotubes10, and nanodiamonds11 have been developed as contrast agents in live-cell imaging, 
but they require precise control of chemical composition for reproducibility12. 
 Different from metal- or carbon-based materials, metal-free polymer nanoparticles have 
great potential in bioimaging and theranostics because of their modular chemical functionality13-
14. Unfortunately, most polymeric nanoparticles rely on fluorescence reporting, and hence are 
limited by the intrinsic photophysics of fluorophores15, including self-quenching, broad emission, 
and photobleaching of organic dyes. Further compromising widespread use of polymer-based 
materials is the synthesis of complex architectures, such as bottle-brushes, star-shaped 
nanoparticles, and hollow nanomaterials13. Therefore, it is imperative to explore beyond 
conventional imaging agents and techniques. Developing a biocompatible platform of all-
polymer nanoparticles that can be readily synthesized and optically imaged in live cells with 




Stimulated Raman scattering (SRS) is an emerging non-linear vibrational imaging 
technique that can overcome many limitations of fluorescence imaging and other metal-based 
nanoparticle imaging techniques16-19. Compared to conventional spontaneous Raman imaging, 
SRS provides 108 enhancements in excitation efficiency and over 1000-fold improvement in 
imaging speed through stimulated emission of vibrational transitions by an additional Stokes 
laser beam20-21. SRS is intrinsically free from photobleaching and blinking, and does not rely on 
metallic nanostructures for localized plasmonic enhancement such as in surface enhanced Raman 
scattering8. In addition, the use of picosecond near-infrared lasers permits narrow-band detection 
of sharp vibrational peaks and deep tissue penetration with reduced phototoxicity. Vibrational 
labelling has been recently coupled with SRS microscopy as a powerful technique for 
bioorthogonal chemical imaging of small bio-molecules in live cells and tissues22-27. Thus far, 
SRS has been limited to small molecules probes, which must be custom-designed to be water 
soluble, non-cytotoxic, and detectable under high dilution for live-cell imaging.  
 





Functional synthetic latex nanoparticles represent a modular platform to generalize SRS 
imaging probes. Miniemulsion polymerization is a facile synthetic method that has been shown 
to reproducibly yield large-scale quantities of polymer nanoparticles with narrow size 
distribution28. Here, we show how the chemistry of the prototype nanoparticle can be exploited 
to develop a new family of latexes for multiplexed live-cell imaging by SRS (Fig. 5.1). 
Formation of the latex is enabled by a functional surfactant that is covalently incorporated 
through the hydrophobic styrene moiety, while displaying the hydrophilic head group on the 
surface of the spherical nanoparticle29. The hydrophilic group is composed of a soft, highly 
delocalized trisaminocyclopropenium (TAC) cation that affords a positive surface charge and 
resistance to flocculation across a wide range of pH values30. Importantly, the hydrophobic 
polymer core is readily obtained through the radical polymerization of styrene and its derivatives. 
Introducing characteristic chemical bonds as vibrational tags onto the styrene monomer allows 
high labelling efficiency and enables SRS imaging with high sensitivity and specificity. We refer 
to this new family of polymer latexes as Raman-active polymer dots.  
5.2 Results and discussion 
A key attractive feature of the Raman-active polymer dots is their facile synthesis. The 
parent oil-in-water emulsion is obtained by adding a 95:5, w:w ratio of styrene monomer to TAC 
surfactant in water. A stable latex is obtained by radical polymerization using V-50, a thermally 
active initiator, and heating to 70°C, followed by a 24-h dialysis to remove unreacted monomer. 
The use of styrene provides a rich palette to decorate the aromatic unit with various vibrational 
tags for Raman imaging, without disturbing the size distribution of the oil-in-water emulsion. 
Using styrene derivatives with tiny vibrational labels to dope the emulsion furnished a library of 
Raman-active polymer dots (Fig. 5.2). The uniform dot size can be varied from 30-100 nm by 
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changing the ratio of monomer to surfactant (Table 5.1, Fig. 5.S1-5.S4), with nearly 105 
vibrational labels incorporated in each polymer dot. 
 
Fig. 5.2 Spontaneous Raman spectra and structure of three distinct Raman-active polymer 
dots. (a) Spontaneous Raman spectra of nanoparticles with orthogonal vibrational modes of 
alkyne, nitrile, and carbon-deuterium bonds in the cell Raman-silent region (from 1740 to 2800 
cm-1). The intensity is scaled based on the peaks in the Raman-silent region. (b) Schematic 
structure of three Raman-active polymer dots with the core comprising styrene and styrenic 
derivatives and the surface coated with trisaminocyclopropenium (TAC) groups. 
 
Alkyne, nitrile, and carbon-deuterium bonds (C-D) were chosen as bioorthogonal 
vibrational tags since they all exhibit characteristic and mutually resolvable peaks with narrow 
bandwidth (< 2 nm) in the Raman region where cells possess minimal endogenous vibrations 
(referred to as the cell Raman-silent region, 1740-2800 cm-1, Fig. 5.2 and Fig. 5.S5)31. Both the 
alkyne and nitrile bonds were conjugated with the phenyl ring of styrene for enhanced Raman 
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cross sections31. A trimethylsilane-protecting group was employed to further improve the alkyne 
signal strength while maintaining its frequency (2163 cm-1, CC-dot) well separated from that of 
the nitrile (2232 cm-1, CN-dot). Additionally, use of d5-styrene fully separates the frequency 
(2293 cm-1, CD-dot) from the nitrile vibration, compared to d8-styrene that exhibits a broad 
spectrum due to the backbone C-D vibrations32.  
 
Fig. 5.3 SRS imaging of Raman-active polymer dots entry in live HeLa cells. HeLa cells are 
incubated with the (a) CC-dot (b) CN-dot, and (c) CD-dot. Each Raman-active polymer dot 
shows distinct frequency (CC-dot = 2163 cm-1, CN-dot = 2232 cm-1, and CD-dot = 2293 cm-1) 
without cross-talk in cells. The images at 2845 cm-1 are lipid CH2 channels showing cell 
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morphology. (d) CC-dots highly co-localize with endosome marker in live HeLa cells, 
suggesting endocytic entry. 
 
We next studied the cellular behavior of Raman-active polymer dots as contrast agents in 
live-cell imaging. The latexes were synthesized without the use of any organic solvents or extra 
surface modification enabling their rapid application into cells. Live HeLa cells were separately 
incubated with CC-dots, CN-dots, or CD-dots and we found that all Raman-active polymer dots 
efficiently entered the cells within 2 hours and accumulated mainly in vesicular structures near 
the cell nucleus (Fig. 5.3), which is confirmed by spontaneous Raman measurements (Fig. 5.S6). 
Imaging at the characteristic frequencies of alkyne (2163 cm-1), nitrile (2232 cm-1), and C-D 
(2293 cm-1), cells incubated with the corresponding Raman-active nanoparticles show exclusive 
SRS signal with high signal to noise ratio (S/N > 5, at 30 s time constant) in the specific on-
resonance channel (the colors in all images are pseudo-colors assigned to each frequency). Thus, 
the three Raman-active polymer nanoparticles were found to be spectrally orthogonal in live 
cells with negligible cross-talk, allowing high fidelity multiplexed imaging without the need of 
spectral unmixing.  
To determine the intracellular locations of polymer nanoparticles, the endosomes were 
co-stained in live HeLa cells with transferrin Texas Red conjugate. The correlative SRS and 
fluorescence imaging revealed high spatial co-localization between the Raman-active 
nanoparticle puncta in the SRS channel and the endosome marker in the fluorescence channel, 
suggesting the cellular entry of nanoparticles through endocytosis33 (Fig. 5.3d). Incubating HeLa 
cells with nanoparticles at 4°C fully suppressed their cellular entry, further supporting the 
endocytic mechanism of entry33 (Fig. 5.S7). 
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Time-dependent cellular entry kinetics were also characterized for all three Raman-active 
polymer dots. In as short as 1 hour, observable quantities of nanoparticles were found inside the 
cells, indicating fast entry kinetics34, likely due to the positively-charged  nanoparticle surface. 
This is in agreement with other studies showing positively-charged surfaces and nanoparticle 
sizes of ~50 nm are ideal for rapid cellular uptake34. After 4 hours of incubation, significant 
amounts of nanoparticles are enriched in the endosomes surrounding the cell nucleus (Fig. 5.S8). 
Thus, the three Raman-active polymer dots were found to behave similarly with rapid entry via 
endocytosis within an hour, highlighting the fact that doping the styrene latexes with different 
vibrational labels does not introduce variability in their interaction with live cells.  
 
Fig. 5.4 High photo-stability of Raman-active polymer dots in live cells. (a) SRS imaging of 
CC-dots in HeLa cells. Representative frames (1, 20, 50 and 100) are shown to display little 
change in intensity. (b) Intensity quantification of SRS images of Raman-active polymer dots in 
HeLa cells. Steady intensity traces of both the whole frame and 3 selected regions (white boxes) 
demonstrate high photo-stability of Raman-active polymer dots after 100 frames. 
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Unlike fluorescent polymer nanoparticles that require electronic excitation, Raman 
scattering is based on chemical bond vibration, which is intrinsically free from photobleaching, 
blinking, and self-quenching. Thus, Raman-active polymer nanoparticles were expected to 
exhibit excellent photo-stability for long-term imaging. Indeed, by continuously imaging the 
nanoparticles in live HeLa cells for 100 frames (2.7 second per frame), we found little reduction 
in intensity (Fig. 5.4a) and that the strong signal is stable (without bleaching or blinking) after 
nearly 300-second of laser illumination, as shown quantitatively by the steady intensity time 
traces (Fig. 5.4b). Compared to other imaging contrast agents which typically show fluorescence 
intermittency or rapid decay, Raman-active polymer dots display high photo-stability under SRS 
microscopy and are exceptionally well suited for tracking applications in live cells for long 
periods of time. 
 
Fig. 5.5 Multiplexed live-cell sorting in co-culture of three cell lines. Each cell line is color-
coded with specific Raman-active polymer dots (alkyne for COS-7, nitrile for MEF, and C-D for 
HeLa) before being mixed in the co-culture. Cell types are unambiguously identified by 3-color 
polymer dots with multiplexed SRS imaging after 4 hours (a) and 24 hours (b). 
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To demonstrate the broad applicability of Raman-active polymer dots in live-cell imaging, 
we tested their cellular entry capacity and biocompatibility in five cell lines. In addition to HeLa, 
two other cancerous cell lines were evaluated (human breast cancer cells MCF-7 and human 
fibrosarcoma cells HT1080), as well as two non-cancerous cell lines (monkey kidney fibroblast-
like cells COS-7 and mouse embryonic fibroblasts MEF). Incubated with the alkyne labelled 
polymer dots, all four additional cell lines were efficiently labelled within 2 hours with strong 
accumulation of the Raman-active dots inside the cells (Fig. 5.S9). Furthermore, cytotoxicity 
assays showed all five cell lines (COS-7, MEF, MCF-7, HT1080 and HeLa) have greater than 
85% (some even more than 95%) viability with all three Raman-active dots after 48-hour culture 
(Fig. 5.S10). The biocompatible chemical composition of our organic nanoparticles should be 
responsible for such negligible cytotoxicity. By contrast, Q-dots without surface coating display 
acute toxicity at similar loadings35. These data demonstrate that Raman-active polymer dots 
exhibit minimal toxicity in all cell lines tested and would be widely applicable as imaging agents 
across a broad range of cells. 
The ability to quickly identify cell type in a multi-component system will allow fast 
readout of information in many applications such as cell screening or monitoring long-term 
spatial migration. As the three-color Raman-active polymer dots exhibit high detection 
orthogonality and biocompatibility across multiple cell lines, we employed them for multiplexed 
live-cell sorting in co-culture by SRS microscopy. Each cell type was “color-coded” by 
incubation with one specific Raman-active polymer dot (alkyne for COS-7, nitrile for MEF, and 
C-D for HeLa cells), after which the three cell types were mixed and cultured together. 
After co-culture of 4 and 24 hours, cells could be unambiguously identified by their 
polymer dot labelling (Fig. 5.5). In both cases, cells were indistinguishable by simple 
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morphology inspection or by label-free SRS imaging of the lipid CH2 vibration (2845 cm
-1). 
However, by imaging through the unique frequencies of alkyne, nitrile, and C-D, every cell in 
the frame can be rapidly and singularly identified by the color-coding of the Raman-active 
polymer dots. By merging all three channels together with the lipid CH2 image, not only the 
identity of the cell type, but also the spatial location of each cell in a co-culture can be clearly 
mapped out. This demonstrates multi-color Raman-active polymer dots as promising live-cell 
multiplexed imaging agents.  
5.3 Conclusions 
We have developed a new strategy to image organic polymeric nanoparticles via 
stimulated Raman scattering that is free from the use of fluorescent dyes or metals. Characteristic 
chemical bonds of minimal size and orthogonal vibrational modes with narrow bandwidth were 
rationally designed and incorporated into organic polymer nanoparticles in a robust one-step 
synthesis. The nanoparticles were shown to have rapid cellular entry kinetics and high 
biocompatibility across a broad range of cell lines. We have achieved near-infrared multi-color 
SRS imaging of these materials in live cells demonstrating high sensitivity, specificity, and 
photo-stability. We further applied this technology in multiplexed live-cell sorting with 
unambiguous identification of cell types in co-culture with fast readout. The multiplexing 
capability can be further expanded by precisely tuning the vibrational frequencies of the alkyne 
and nitrile through isotope editing36, and efforts to target these nanoparticles towards specific cell 
types are ongoing. Addressing the previous issues of cytotoxicity, photo-stability and synthetic 
robustness for nanoparticle-based imaging reagents, we anticipate that multiplexed Raman-active 
polymer dots coupled with SRS microscopy will be an important technology in nanoparticle-
based live-cell imaging for biotechnology and theranostic applications.  
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5.4 Supporting information 
Materials 
All materials were purchased from Sigma-Aldrich and used without further purification, 
except as noted below. Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS), 
penicillin/streptomycin, human recombinant insulin, and transferrin Texas Red conjugate were 
purchased from Invitrogen. Eagle’s Minimum Essential Medium (EMEM) medium was 
purchased from ATCC. Spectrum Labs dialysis bags were purchased from VWR. Styrene, d5-
styrene, and 4-cyanostyrene were passed over a column of neutral alumina to remove inhibitor 
prior to polymerization. 4-(trimethylsilylethynyl)styrene and the trisaminocyclopropenium 
monomer were synthesized according to previously reported procedures29,37. 
Cell culture 
HeLa, Cos-7, and MEF cells were grown in DMEM culture medium with 10% v/v FBS 
and 1% v/v penicillin/streptomycin. HT1080 cells were grown in EMEM culture medium with 
10% v/v FBS and 1% v/v penicillin/streptomycin. MCF-7 cells were grown in EMEM culture 
medium with 10% v/v FBS, 1% v/v penicillin/streptomycin and 0.01 mg/ml human recombinant 
insulin. All cultures were incubated in humidified tissue incubators at 37°C and 5% CO2. 









DH (nm)  potential (mV) 
Alkyne 5 47.5 47.5 55 ± 9 35 ± 5 
Nitrile 5 70 25 60 ± 10 20 ± 10 
Carbon-
Deuterium 
5 - 95 50 ± 7 35 ± 10 
aAll weight percentages determined by monomer feed 
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Nanoparticle synthesis and purification 
Nanoparticles were synthesized following a general procedure that was scaled 
accordingly using the indicated weight percentages for each monomer: TAC, styrene, and where 
applicable, 4-(trimethylsilylethynyl)styrene, 4-cyanostyrene, and d5-styrene. To the mixture of 
monomers was added 2,2-azobis(2-methylpropionamidine) dihydrochloride (V-50) and 
deionized water such that there was 10 wt% monomers. The mixture was vortexed for 30 s and 
then added to a two-neck flask fitted with a condenser and stir bar. The solution was sparged 
with Ar for 15 min and then stirred at 70 °C for 16-24 h. The reaction was then cooled, 
transferred to a 1k MWCO Spectrum Labs dialysis bag and dialyzed against methanol for 24 h to 
remove unreacted monomer. The resulting solution was then diluted 1:1 in water to make the 
nanoparticle stock solution. 
 
Fig. 5.S1 DLS data of alkyne labeled nanoparticles with varying loadings of alkyne 




Fig. 5.S2 DLS data of nitrile labeled nanoparticles with varying loadings of nitrile 
monomer (a) and trisaminocyclopropenium monomer (b). 
 
Fig. 5.S3 DLS data of deuterium labeled nanoparticles with varying loadings of 
trisaminocyclopropenium monomer. 
 
Dynamic light scattering 
Nanoparticle size and zeta potential were measured on a Malvern Zetasizer Nano ZS 
(Malvern, United Kingdom). For all measurements, nanoparticles were diluted 1:100 in Milli-Q 
water at neutral pH. The reported diameters are the average of three measurements, where each 
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measurement comprises at least 10 acquisitions. The zeta potential was calculated according to 
the Smoluchowski approximation.  
 
Fig. 5.S4 Scanning electron micrographs of CC-dots (a, d), CN-dots (b, e), and CD-dots (c, 
f). All scale bars are 200 nm. 
 
Scanning electron microscopy 
Scanning electron microscopy (SEM) was performed on a Zeiss SIGMA VP with an 
accelerating voltage of 2.0-5.0 keV. Nanoparticles were deposited on clean silicon wafers from 
solution, dried, and imaged after sputter coating approximately 10 nm of AuPd. 
SRS microscopy 
A custom-modified integrated laser source (picoEMERALD, Applied Physics & 
Electronics, Inc.), is used to produce a Stokes beam (1064 nm, 6 ps) with intensity modulated 
sinusoidally at 8 MHz and a pump beam (tunable from 720 to 990 nm, 5–6 ps) both at 80 MHz 
repetition rate. Two beams are spatially and temporally overlapped before coupled into an 
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inverted multiphoton laser-scanning microscope (FV1200MPE, Olympus) with optimized near-
IR throughput. Lasers are focused onto the cell samples through a 25 × water objective (XLPlan 
N, 1.05 N.A. MP, Olympus) and collected with an oil condenser lens (1.4 N.A., Olympus) after 
the sample. The Stokes beam is blocked with a high O.D. bandpass filter (890/220 CARS, 
Chroma Technology) and only the pump beam is collected with a large area Si photodiode 
(FDS1010, Thorlabs) reverse-biased at a 64 DC voltage. The output photocurrent is 
electronically filtered (KR 2724, KR electronics), terminated with 50 , and demodulated using 
a radio frequency lock-in amplifier (SR844, Stanford Research Systems) to extract the stimulated 
Raman loss signal with near shot-noise-limited sensitivity. The output signal of the lock-in 
amplifier at each pixel is sent to the analog interface box (FV10-ANALOG, Olympus) of the 
microscope and images are generated using Fluoview software (Olympus).  
 
Fig. 5.S5 SRS spectrum of Raman-active polymer dots mixture. Three Raman-active polymer 
dots (CC-dots, CN-dots and CD-dots) show spectrally orthogonal Raman peaks with narrow 




The imaging experiments are all performed with 40 mW pump beam and 66 mW 
modulated Stokes beam (measured after the objective) at all frequencies. All images except those 
in the photo-stability test are acquired with 30 s time constant from the lock-in amplifier and 
100 s pixel dwell time with ~27 s per frame (512 × 512 pixels). In photo-stability test with 
continuous imaging of 100 frames, 3 s time constant using a fast lock-in amplifier (HF2LI, 
Zurich instrument) and 8 s pixel dwell time are used for collecting 100 frames with 2.7 s per 
frame (512 × 512 pixels).  
 
Fig. 5.S6 Spontaneous Raman spectra of three Raman-active polymer dots in live cells. 
HeLa cells are separately incubated with CC-dots (green), CN-dots (orange) and CD-dots (cyan) 
for 4 hours. PBS background is subtracted from all spectra. The intensity is scaled based on the 
peaks in the silent region. 
 
Spontaneous Raman spectroscopy 
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The spontaneous Raman spectra are collected using the LabSpec 6 software on a confocal 
Raman microscope (Xplora, Horiba Jobin Yvon) at room temperature. A 27 mW (after the 
objective), 532-nm diode laser was used to excite the sample through a 50 × air objective (MPlan 
N, 0.75 N.A., Olympus). The acquisition time for nanoparticle solution samples was 10 s and for 
live-cell samples were 40 or 80 s. 
Live-cell SRS imaging 
For all SRS imaging experiments, cells are first seeded on glass coverslips in 24-well 
plates in ~0.5 mL culture medium for 2 days at 37°C and 5% CO2 before experiments. 
For multicolor experiments, HeLa cells are incubated with ~1 nM alkyne, nitrile or 
deuterium labeled polymer dots (500-1500× dilution from stock solution) for 2 h before imaging. 
For endosome co-localization experiment, HeLa cells are incubated with ~1 nM alkyne 





Fig. 5.S7 Low-temperature entry inhibition of Raman-active polymer nanoparticles in live 
HeLa cells. HeLa cells are incubated with alkyne labeled polymer nanoparticles for 2 hours at 
4°C with suppressed endocytosis and nanoparticle entry. 
 
For low-temperature cellular entry experiment, HeLa cells are incubated with ~1 nM 
alkyne labeled polymer dots at 4°C for 2 h before imaging. 
 
Fig. 5.S8 Time-dependent entry kinetics of Raman-active polymer nanoparticles in live 
HeLa cells. Cells are incubated with alkyne, nitrile and deuterium labeled polymer nanoparticles 
for various time of 1 h (a), 2 h (b) and 4 h (c). Rapid cellular entry is observed in 1 h for all three 
polymer nanoparticles.  
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For time-dependent cellular entry experiments, HeLa cells are separately incubated with 
~1 nM alkyne, nitrile and deuterium labeled polymer dots for 1, 2 and 4 h before imaging. 
For photo-stability experiment, HeLa cells are incubated with ~1 nM alkyne labeled 
polymer dots for 2 h before continuous imaging of 100 frames. 
 
Fig. 5.S9 SRS imaging of Raman-active polymer dots in multiple cell lines. COS-7 (a), MEF 
(b), MCF-7 (c) and HT1080 (d) cells are incubated with alkyne labeled polymer dots for 2 hours. 




For imaging experiments in multiple cells lines, all cells (COS-7, MEF, MCF-7 and 
HT1080) are incubated with ~1 nM alkyne labeled polymer dots for 2 h before imaging. 
For multiplexed cell-type sorting experiments, COS-7, MEF and HeLa cells are 
specifically incubated with ~1 nM alkyne, nitrile and deuterium labeled polymer dots for 2.5 h. 
Then cells are trypsinized, mixed and seeded on coverslips in co-culture for 4 h and 24 h before 
imaging. 
After all incubations, cells are washed with phosphate-buffered saline (PBS) solution for 
three times and the glass coverslips are taken out to assemble into imaging chambers filled with 
PBS for spontaneous Raman measurements or live-cell SRS imaging. 
 
Fig. 5.S10 Viability assay of multiple cell lines incubated with alkyne (green), nitrile 
(orange), and deuterium (cyan) labeled polymer nanoparticles. All cells are incubated with 
nanoparticles for four hours before exchanging with fresh media and allowing the cells to grow 
for two days. All five tested cell lines shows greater than 85% viability after 48 h with the three 
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Raman-active polymer nanoparticles. Cell viability is calculated as a percentage relative to 
control with error bars representing standard deviation of triplicate measurements.  
 
Cell viability  
All cell lines are incubated with ~1nM alkyne, nitrile, and deuterium labeled polymer 
dots for 4 h. This media was then removed and replaced with fresh media and the cells were 
allowed to grow in the presence of internalized nanoparticles for two days. Trypan blue dye 
exclusion cell counting was then performed in triplicate with an automated cell counter (ViCell, 
Beckman-Coulter). Cell viability under experimental conditions is the viable cell count reported 
as a percentage relative to untreated cells. 
Imaging processing 
All images are acquired with FluoView scanning software, assigned color and analyzed 
by ImageJ. 
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Carbon-atom wires for optical super-multiplexing 
 





Optical multiplexing impacts widely in photonics, materials science, biomedicine and 
engineering. Despite intensive efforts, current technology is limited by a longstanding 
“multiplexing ceiling” from existing luminescent materials. Here we engineered a novel class of 
polyyne-based materials, known as carbon-atom wires, for optical super-multiplexing. 20 distinct 
Raman frequencies are achieved as “Carbon rainbow” through rational engineering of 
conjugation length, isotope doping and end-capping substitution of carbon-atom wires. With 
further probe functionalization, we demonstrated unprecedented 10-color organelle imaging in 
single living cell with high specificity, sensitivity, and photo-stability. Moreover, optical data 
storage and identification are realized by combinatorial barcoding, yielding the largest number of 
distinct spectral barcodes to date. Therefore, these new carbon-atom wires hold great promises in 






Modern science and technology has exploding demands for multiplexing techniques that 
allow simultaneous measurement of a large number of distinctive species. Notable examples 
include imaging multiple proteins or organelles with probes of different colors1-3, cell 
phenotyping, sorting and tracing4, high-throughput detection of antigens for medical diagnostics 
or small molecules for drug discovery5-7, and high-density information storage and encryption 
for identity security and anti-counterfeiting8,9. As optical methods readily offer spectral features 
that can be identified in a non-invasive and non-destructive manner, optical multiplexing is 
making increasingly broad impact in photonics, biology, medicine and engineering.  
Materials are at the core of multiplexing technology. Indeed, many multiplexable optical 
materials have been developed. Organic dyes and fluorescent proteins are widely applied for 
multicolor imaging in biology1, and inorganic materials including quantum dots, noble metal 
nanostructures, rare-earth nanoparticles and upconversion nanocrystals are used in spectral 
barcoding for high-throughput screening and data security applications7,9. However, because of 
the intrinsically broad linewidth and/or significant spectral overlap, the number of resolvable 
features is significantly limited. No more than 6 colors can be imaged in live cells even by 
sophisticated fluorescence microscopy2. And fewer than 2000 spectral barcodes can be 
practically reached10, due to unavoidable crosstalk in organic dyes, energy transfer between 
quantum dots11,12, and limited number of suitable features for straightforward decoding in rare-
earth nanocrystals and metal nanoparticles9,13,14. Yet, many more colors and barcodes are 
essential for next-generation multiplexing. Therefore, new optical materials are urgently needed 
to overcome the spectral limitation and break the longstanding “multiplexing ceiling”.  
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Herein we report the development of new polyyne-based materials and exploit their 
outstanding optical properties for super-multiplexed encoding and detection. Polyyne is a linear 
chain of sp-hybridized carbon atoms with alternating single and tripe bonds, which is also known 
as carbon-atom wire15. Compared to other well-known carbon materials such as sp3-hybridized 
diamonds and sp2-hybridized graphene, carbon nanotube and fullerene, sp-hybridized carbon-
atom wire is one of the least studied carbon allotropes with true 1-D structure16. Difficulty in 
accessing stable polyynes makes them largely unexplored, although theory predicts them with 
many appealing physical properties15,17. In the last decade, significant progress has been made 
toward chemical synthesis of polyynes with well-defined composition. Indeed, isolable polyyne 
with 44 contiguous carbon atoms was successfully synthesized18. 
6.2 Results and discussion 
We first synthesized a series of carbon-atom wires with phenyl end-capping groups. 
Using the classic Glaser-Hay and Cadiot-Chodkiewicz coupling19, we developed an efficient and 
robust route to prepare both odd- and even-numbered carbon-atom wires with 2 to 6 triple bonds 
(C≡C) (Fig. 6.1). A polar hydroxymethyl group is introduced on the phenyl ring for facile 
purification and serves as an active site for later functionalization. UV-Vis spectra show the 
absorption maxima of polyynes shift from UV (337 nm) to visible (476 nm) region with clear 
vibronic progression (Fig. 6.S1), as the length increases from 2-yne to 6-yne with lowered 
HOMO-LUMO bandgap. All polyyne compounds in our study show good chemical stability 




Fig. 6.1 Raman spectroscopy of parental phenyl-capped polyynes. (a) Normalized Raman 
spectra of polyynes from 2-yne to 6-yne and their structures. The spectra are vertically offset for 
clarity. (b) Raman peak intensity of polyynes increases superlinearly with the conjugation length, 
following a power-law dependence in the double logarithmic plot. (c) Raman frequency of 
polyynes decreases almost linearly with increasing length, with an interval of ~40 cm-1.  
 
We then investigated vibrational spectroscopy of phenyl-capped polyynes. All these 
phenyl-capped polyynes display an intense Raman peak with narrow linewidth (13 cm-1)  (Fig. 
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6.1a), originated from a collective out-of-phase bond-length alternation oscillation of both single 
and triple bonds20. Such a single sharp peak in the Raman-silent spectral region promises 
sensitive and specific detection. In addition, as the number of triple bonds increases from 2 to 6, 
the Raman intensity grows superlinearly with a power-law exponent of 2.77±0.06 (Fig. 6.1b). 
This trend is similar to the dependence observed in the second hyperpolarizability of other 
conjugated oligomers21, suggesting much higher detection sensitivity than a single alkyne22. 
More importantly, going from 2-yne to 6-yne, the peak frequencies of polyynes shift almost 
linearly from 2226 cm-1 to 2066 cm-1 (Fig. 6.1c), which naturally separate these polyynes in the 
frequency domain. Therefore, the unique spectral features of single intense peak, narrow 
linewidth and the natural frequency spacing of different lengths render these polyynes an ideal 




Fig. 6.2 Chemical strategies for Raman frequency expansion of polyynes. (a) Frequency 
modulation on the unified polyyne scaffold by conjugation elongation, isotope doping and end-
capping variations. (b) Frequency coarse-tuning with 13C isotope labeling (in red). (c) Frequency 
fine-tuning with electron-donating and -withdrawing groups (in blue).  
 
To achieve super-multiplexing, we sought to further engineer the carbon-atom wires to 
vastly expand the number of vibrational frequencies (Fig. 6.2a). Isotope doping is an effective 
approach to modify the reduced mass of the vibrational mode, which has been successful in 
shifting vibrational frequency of many carbon-based materials23,24. With multiple triple bonds in 
polyyne, we optimized the 13C labeling pattern and modularly doped one or more triple bonds. 
Such position-selective 13C doping allows us to tune the frequency in a large range of 20-80 cm-1 
(Fig. 6.2b). We noted the appearance of minor peaks and attributed it to the breakdown of 
centrosymmetry with non-uniform 13C labeling and the violation of mutual Raman-IR 
exclusion25.  
Additional frequency modulation strategy is needed, as 13C doping only offers relatively 
coarse tuning. Theory suggests that enhanced -electron delocalization can increase electron-
phonon coupling, which will weaken the stretching force constant of the vibrational mode and 
red-shift the peak position20. We hypothesize that substituting the end-capping phenyl ring with 
electron-donating or -withdrawing groups might be able to tune the vibrational frequency by 
influencing -electron delocalization on the polyyne chain (Fig. 6.2c). Indeed, with electron-
donating dimethylamine -N(CH3)2, doubly substituted 4-yne shows a significant redshift of 23 
cm-1, whereas the electron-withdrawing trifluoromethyl -CF3 group blue-shifts by 3 cm
-1, 
compared to 4-yne at 2141 cm-1. The exact substitution position also matters. With the same -
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NH2, para-position shows the largest redshift (2128 cm
-1) due to the strongest mesomeric effect. 
Ortho-position is next (2133 cm-1), and the smallest is at the meta-position (2139 cm-1). Thus, 
end-capping substitution provides the frequency fine-tuning (2-20 cm-1), which, to our delight, is 
perfectly complementary to the coarse-tuning (20-80 cm-1) from isotope doping. 
 
Fig. 6.3 Super-multiplexed carbon-atom wires. (a) Chemical structures of 20 carbon-atom 
wires with distinct Raman frequencies, which are termed as Carbon rainbow (Carbow). (b) 




Guided by above principles, we synthesized a library of carbon-atom wire for frequency 
super-multiplexing through rational combination of length modulation, 13C labeling and end-
capping substitutions (Fig. 6.S2). 20 structures with distinct Raman frequencies are selected and 
termed as “Carbon rainbow” (Carbow, Fig. 6.3). Note that using alkyl instead of phenyl as 
additional end-capping group, Raman frequency of polyyne can be further blue-shifted to 2262 
cm-1. All 20 polyyne compounds have well-resolved Raman peaks with less than 10% cross-talk. 
To our knowledge, this is the largest number of resolvable frequency in the Raman-silent 
window. Combined with 6 resolvable frequencies in the double-bond region using existing 
commercial dyes26 and 4 commonly available fluorescent channels, 30 resolvable colors are 
achievable, which is the highest reported for parallel optical detection. 
The multiplexing capability of Carbow is highly demanded in biological imaging for 
simultaneous visualization of multiple species. To achieve super-multiplexed cell imaging, 
detection sensitivity is first characterized using stimulated Raman scattering (SRS) microscopy 
with ultrahigh sensitivity and specificity27. Down to 630 nM (S/N = 1) can be detected for 4-yne 
with 1 ms time constant (< 5 M for most polyynes) under our SRS microscope (Fig. 6.4a). This 
is nearly 500 times more sensitive than previous SRS detection of a single alkyne tag28. Given 
the sub-M sensitivity, immuno-staining of a specific protein is demonstrated by conjugating 
carbon-atom wires to a secondary antibody for -tubulin imaging. Pattern of filament structures 
is visualized with desirable contrast. Tuning the wavelength away by 3 nm shows negligible 
background signal in the off-resonance channel (Fig. 6.4b), demonstrating the sharp vibrational 
feature. Thus, carbon-atom wires are fully compatible with standard immuno-staining procedures 




Fig. 6.4 Super-multiplexed optical imaging with carbon-atom wires. (a) Linear concentration 
dependence of 4-yne with sub-M SRS detection sensitivity. (b) Immuno-staining and imaging 
of -tubulin in fixed cells with 4-yne conjugated antibody. (c) 15-color tandem fluorescence-
SRS imaging of live cells with corresponding Carbow and fluorescent molecules. (d-h) Chemical 
structures of five organelle-targeted probes based on carbon-atom wires for live-cell imaging, 
including mitochondria Mito (d), lysosome Lyso (e), plasma membrane PM (f), endoplasmic 
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reticulum ER (g) and lipid droplet LD (h). (i) 10-color optical imaging of PM (Carbow2141), ER 
(Carbow2226), Golgi (BODIPY TR), Mito (Carbow2062), LD (Carbow2202), Lyso 
(Carbow2086), nucleus (NucBlue), tubulin (SiR650), actin (GFP) and FM 4-64 in living cells. 
Overlay of two species are shown in each image. 
 
We next demonstrated 15-color imaging of spatially-resolved living cells (Fig. 6.4c). 
Each cell is singularly color-coded with either fluorescent or Carbow molecules, and all cells can 
be identified unequivocally with 15-channels detected in one setting, without the need of 
complicated unmixing (Fig. 6.S3). This is especially challenging for fluorescence imaging with 
broad and overlapping spectra, and even excels recently reported Raman-based method26, which 
requires predetermined matrix owing to cross-talk between channels. Therefore, Carbow has 
afforded multiplexed optical imaging at a number that is rarely reported for live cells with 
straightforward detection and analysis. 
Furthermore, based on the appealing neutral scaffold and high membrane permeability, 
we functionalized carbon-atom wires as organelle-specific imaging probes. Through a carbamate 
linker on the phenyl ring, different targeting groups are introduced (Fig. 6.4d-h). 
Triphenylphosphonium (TPP+) is a well-known motif with high affinity to mitochondrial matrix 
due to the positive charge29. TPP+ attached 4-yne (Carbow2141 Mito) shows highly specific 
localization to mitochondria (Fig. 6.4d). Lysosome lumen is acidic, where basic unit is easily 
protonated and trapped inside, and we used a dimethylamine group to target into lysosomes 
(Carbow2141 Lyso, Fig. 6.4e). Similarly, a cationic diammonium group (Carbow2141 PM) is 
chosen to stain plasma membrane through interaction with anionic phosphate headgroups, and a 
pentafluorobenzamide group with ethylene glycol chain (Carbow2226 ER) is used to target 
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endoplasmic reticulum (Fig. 6.4f, g). Lastly, a carboxylate terminated C12 alkyl chain 
(Carbow2202 LD) is attached to mimic fatty acids, which is incorporated efficiently into lipid 
droplets (Fig. 6.4h). All five imaging probes show co-localized patterns with the corresponding 
fluorescent markers in live cells (Fig. 6.S4). Carbon-atom wires also exhibit superb photo-
stability (>98%) after 100 continuous frames (Fig. 6.S5) and little cytotoxicity (Fig. 6.S6).   
With the good specificity, sensitivity, photo-stability and live-cell compatibility, we 
combined five organelle-targeted carbon-atom wires and five fluorescent reporters to achieve 
tandem 10-color optical imaging of subcellular structures in live cells (Fig. 6.4i and Table 6.1; 
including plasma membrane, ER, Golgi, mitochondria, lysosome, lipid droplets, nucleus, tubulin 
and actin). Recognizing the essential roles of organelle interactome in cellular activities, up to 6-
color organelle imaging has recently been achieved in live cells by fluorescence microscopy, 
limited by the fluorescence spectral overlap2. Here the unprecedented achievement of 10-color 
organelle imaging in live cells doesn’t require any spectral unmixing and color compensation in 
image processing. To our knowledge, this is the highest number achieved for multi-target 
imaging inside living cells, and relies critically on the well-resolved frequencies and outstanding 
live-cell compatibility of carbon-atom wires.  
The need to multiplex goes beyond imaging. We hence applied carbon-atom wires to 
optical data storage and identification. In the era of systems biology and personalized medicine, 
bead-based assays are powerful in high-throughput analysis of cells and biomolecules such as 
antigens and drugs, the core of which is the encoding and decoding of distinguishable 
barcodes7,30. Using polymer beads as the information carrier, we demonstrated that spectral 
barcoding with 10 resolvable frequencies at 3 distinct intensity levels (i.e., ternary digit) is 
readily achievable with Carbow (Fig. 6.5). 3-m sized polystyrene beads are loaded with 
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specified carbon-atom wire mixtures through physical absorption31, and each bead is encoded 
with desired spectral information in a single step (Fig. 6.5a). As illustrated by four representative 
barcodes with SRS readout, the intensity at each of the 10 specified frequencies can be readily 
digitalized as either 0, or 1 or 2 (Fig. 6.5b and Table 6.2). Thus, 310-1=59048 distinct barcodes 
can be generated as the largest set to date using spectral encoding, whereas the recently reported 
record10 is around 1000. Spectral barcodes can also be read out by conventional spontaneous 
Raman spectroscopy, and 10 spectral patterns are decoded at single particle level (Fig. 6.S7 and 
Table 6.3). Compared to previous optical barcoding materials, carbon-atom wires not only afford 
a much higher number of easily resolvable frequencies but also are intrinsically free from 




Fig. 6.5 Super-multiplexed optical barcoding with carbon-atom wires. (a) Polymer beads are 
readily encoded by combinatorial loading of carbon-atom wires. Inset shows the bright-field 
image of barcoded polystyrene beads. (b) Spectral barcoding of carbon-atom wires at 10 
frequencies and 3 intensities with SRS readout, which can obtain 310-1=59048 distinct barcodes. 
(c) Cells are labeled with multiple encoded beads, as shown by the bright-field images. The 
barcode information is well preserved in live cells with clear readout by spontaneous Raman 
measurement. (d) Rapid decoding and spatial visualization of bead identities with SRS 
microscopy. Left: 2940 cm-1 image of unidentified beads inside living cells; Right: decoded 
beads in the field of view by hyperspectral imaging at characteristic frequencies. The color of 
each bead (six different types) in the decoded map corresponds to the spectral barcode in (c).  
 
Besides in vitro detection, barcoded beads can potentially be used as a unique ID to tag 
individual cell and map out the interaction of cells with time, as in the human cell atlas project. 
Owing to the small micron-size, multiple beads can be combined in labeling single cell. We 
show that HeLa cells can take up several beads containing different barcodes. The encoded 
information is well retained inside live cells after 24 hours, which can be clearly read out by 
spontaneous Raman (Fig. 6.5c). Further, besides measuring the spectrum of one bead at a time, 
hyperspectral SRS imaging at discretized frequencies can decode all beads in the field of view 
(Fig. 6.5d and Fig. 6.S8), allowing rapid visualization of cell identity. Therefore, if using 3 
encoded beads to tag each cell, we would be able to generate 59048C3=3×10
13 IDs, sufficient to 
identify all cells in the human body. This is many orders of magnitudes greater than the limit of 
current state-of-the-art techniques based on organic dyes, quantum dots and upconversion 




We have engineered the relatively under-explored carbon-atom wires into an 
extraordinary material for optical super-multiplexing, surpassing the existing “multiplexing 
ceiling”. Compared to a recent study26, the current work is much more general, as it doesn’t 
require stringent laser pre-resonance condition, has further expanded frequencies with less cross-
talk and no need of unmixing, and is particularly suitable for live cell studies. From material 
perspective, more colors can be accessible with longer polyynes. The frequencies of polyynes 
can red-shift towards 1850 cm-1 with increasing length33, providing an expanded window of 150 
cm-1. From microscopy perspective, high-speed hyperspectral SRS imaging34,35 can be applied to 
capture fast dynamics of live cells. From barcoding perspective, beads functionalized with 
antibodies or enzymes can be applied for medical diagnostics and drug discovery. SRS flow 
cytometry36 can also be employed detect tens of thousands of beads per second. Lastly, as a 
proof of principle for identity security and anti-counterfeiting, frequency encryption in 
microscopic pattern is also demonstrated (Fig. 6.S9). Therefore, carbon-atom wires represent a 
new class of optical material that could find wide applications in super-multiplexed imaging, 
barcoding and analysis, providing exciting opportunities in photonics, life science, medicine, and 
information storage. 
6.4 Supporting information 
6.4.1 Methods 
Stimulated Raman scattering (SRS) microscopy 
An integrated laser system (picoEMERALD, Applied Physics & Electronics, Inc.) was 
used to produce two synchronized laser beams at 80 MHz repetition rate. A fundamental Stokes 
139 
 
beam (1064 nm, 6 ps pulse width) was intensity modulated at 8 MHz by an electro-optic-
modulator with >90% modulation depth, and a tunable pump beam (720-990 nm, 5-6 ps pulse 
width) was produced by a build-in optical parametric oscillator. The pump and Stokes beams 
were spatially and temporally overlapped using two dichroic mirrors and a delay stage inside the 
laser system, and coupled into an inverted laser-scanning multiphoton microscope (FV1200MPE, 
Olympus) with optimized near-IR throughput.  
The lasers were focused on the sample through a 25 × water objective (XLPlan N, 1.05 
N.A. MP, Olympus) or a 60 × water objective (UPlanAPO/IR, 1.2 N.A., Olympus) with high 
near-IR transmission. The beam sizes of pump and Stokes laser were adjusted to match the back-
aperture of the objective. After the sample, both beams were effectively collected by a high N.A. 
oil condenser lens (1.4 N.A., Olympus) in Kohler illumination and the laser-scanning motion 
was descanned with a telescope. By blocking the Stokes beam with a high O.D. bandpass filter 
(890/220 CARS, Chroma Technology), only the pump beam was detected by a large-area (10 
mm × 10 mm) silicon photodiode (FDS1010, Thorlabs) reverse-biased at 64 DC voltage to 
maximize saturation threshold and response bandwidth. The output current of photodiode was 
filtered with an 8 MHz electronic bandpass filter (KR 2724, KR electronics), and terminated with 
50 Ω before entering a RF lock-in amplifier (SR844, Stanford Research Systems or HF2LI, 
Zurich instrument).  
The stimulated Raman loss signal was extracted from the pump beam by demodulation at 
the 8 MHz frequency with near short-noise-limited sensitivity. The in-phase signal from the 
lock-in amplifier at each pixel was sent to the analog interface box (FV10-ANALOG, Olympus) 
of the microscope to generate the SRS image by scanning across the whole field of view. SRS 
images were acquired using 25 × objective with 30 s time constant from the lock-in amplifier 
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and 100 s pixel dwell time (10.2 s per 320 × 320 frame), unless otherwise specified. Measured 
after the objective, the pump power was from 12-48 mW and the Stokes power was from 40-120 
mW for all cell images (Fig. 6.4). For bead (Fig. 6.5d and Fig. 6.S8) and pattern (Fig. 6.S9) 
imaging, the pump power was from 12-24 mW and the Stokes power was 20 mW. For immuno-
imaging of -tubulin (Fig. 6.4b), 100 s time constant and 200 s pixel dwell time were used. 
10-color live-cell organelle imaging (Fig. 6.4i) was performed using 60 × objective and 80 s 
time constant. Photo-stability experiments (Fig. 6.S5) were performed with 3 s time constant 
and 4 s pixel dwell time (0.4 s per 320 × 320 frame). Stimulated Raman scattering spectra were 
acquired by scanning the pump beam across the selected wavelength range point by point. 
All bright-field and fluorescence images were collected using the Olympus FV1200 
confocal microscope with CW laser excitation (488, 543 and 635 nm) and standard bandpass 
filter sets. Two-photon fluorescence images of NucBlue were collected with 780 nm pump laser 
excitation and detected by non-descanned photomultiplier tubes. All images were analyzed and 
assigned color by ImageJ. 
Spontaneous Raman spectroscopy 
Raman spectra were collected with the LabSpec 6 software on a confocal Raman 
microscope (Xplora, Horiba Jobin Yvon) at room temperature. The samples were excited 
through a 50 × air objective (MPlan N, 0.75 N.A., Olympus) by a 532-nm diode laser (27 mW 
after the objective). The acquisition time for bead solution samples (Fig. 6.S7) was 5 s and for 




Fig. 6.S1 UV-Vis absorption spectra of polyynes from 2-yne to 6-yne. The spectra are 
vertically offset for clarity. The absorption maxima red shift ~35 nm with every additional triple 
bond. Three sets of peaks are clearly observed at the highest wavelengths as vibrational fine 
structures, indicating strong vibronic coupling. 
 
Secondary antibody conjugation with 4-yne NHS ester 
Goat-anti-Rabbit secondary antibody solution (2 mg/mL, Millipore, AP132) was adjusted 
to pH~8.3 with sodium bicarbonate solution. 50 µL 4 mg/mL 4-yne NHS ester in DMSO 
solution was added dropwise to 250 L protein solution while stirring. Reaction was kept under 
gentle stirring at RT for 1 h. The labeled antibodies were purified using gel permeation 
chromatography with Sephadex® G-25 (Sigma, G25150). Sephadex® G-25 gel was first swelled 
in PBS buffer at 90°C for 1 h and settled down at room temperature. The gel was then exchanged 
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with fresh PBS buffer and stored at 4 °C. For gel chromatography, the column (diameter ~1 cm 
and length >12 cm) was loaded with swelled gels and equilibrated with PBS buffer. The antibody 
solution was applied and eluted with PBS. The first band with light color for 4-yne conjugated 
antibodies was collected. The solution was then centrifuged briefly and the supernatant was 
concentrated using Amicon® Ultra Centrifugal Filters (Millipore, UFC501096) to a final 
concentration of ~2 mg/mL in PBS with 5 mM sodium azide and stored at -20 °C. 
Sample preparations for SRS and fluorescence imaging  
HeLa cells were cultured with DMEM medium (Invitrogen, 11965) supplemented with 
10% fetal bovine serum (Invitrogen, 16000) and 1% penicillin-streptomycin (Invitrogen, 15140). 
All cell cultures were maintained in a humidified environment at 37 ºC and 5% CO2. 
All samples were assembled into a chamber using an imaging spacer (Sigma, GBL654008) filled 
with PBS solution for imaging. 
Immuno-staining for -tubulin imaging in fixed HeLa cells (Fig. 6.4b) 
HeLa cells were seeded on a glass coverslip in a 4-well plate with ~1 mL of culture 
media for 24 h. Cells were fixed with methanol for 25 min, washed with 10% goat serum added 
with 1% bovine serum albumin (BSA) and 0.3M glycine twice, and permeabilized with 0.1% 
Tween PBS solution for 40 min. Anti--tubulin primary antibody in rabbit (Abcam, ab18251) 
was added to the cells at 1:50 dilution in 3% BSA solution and incubated overnight at 4 °C. The 
cells were then blocked with 10% goat serum for 30 min and incubated with 4-yne conjugated 
goat-anti-rabbit secondary antibody by 1:25 dilution in 10% goat serum at 4 °C overnight. The 




Fig. 6.S2 Frequency exploration of polyynes through conjugation elongation, end-capping 
variations and isotope doping. 40 structures are synthesized and shown with Raman 





Fig. 6.S3 15-color imaging of live cells with super-multiplexed carbon-atom wires. 
Individual channel of 5 fluorescent dyes and 10 carbon-atom wires with well-resolved 
frequencies are shown with little crosstalk. Simple unmixing is performed by subtracting the 
adjacent channel, without the need of complicated matrix unmixing.  
 
15-color imaging of live Hela cells with super-multiplexed carbon-atom wires (Fig. 6.4c) 
HeLa cells were seeded in 15 wells of a 24-well plate for 24 h. Each well was labeled 
with a single color of fluorescent dyes or carbon-atom wires in culture media at 37 °C, including 
Carbow2226 Mito (5 M), Carbow2172 (3 M), Carbow2141 (10 M), Carbow2128 (2 M), 
Carbow2100 (4 M), Carbow2086 (10 M), Carbow2066 (10 M), Carbow2049 (5 M), and 
Carbow2017 (10 M) for 4 h, Carbow2202 LD (4 M) for 24 h, MitoTracker Green (100 nM, 
Invitrogen, M7514), MitoTracker Orange CMTMRos (50 nM, Invitrogen, M7510), and 
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MitoTracker Deep Red (50 nM, Invitrogen, M22426) for 1 h, NucBlue® Live ReadyProbes 
Reagent (1 drop, Invitrogen, R37605) and FM 4-64 (5 g/mL, Invitrogen, T3166) for 30 min. 
Cells were then washed with PBS once, detached from each well with trypsin for 2 min, and 
mixed together in fresh culture media. The cell mixture was centrifuged at 1000 rpm for 1.5 min 
and the cell pellet was mixed with PBS. Cells were added to the imaging chamber and settled for 
1 h to reduce the movement before imaging, and each cell was maintained with a single color 
during the imaging period.  
 
Fig. 6.S4 Live-cell SRS imaging of organelle-targeted carbon-atom wires and co-
localization with fluorescent organelle markers. Characteristic labeling patterns are shown for 
each organelle with negligible crosstalk at 3 nm away, which displays the sharp vibrational 
feature of carbon-atom wires and is far beyond the spectral resolution of fluorescent dyes. High 
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co-localizations are observed between organelle-targeted carbon-atom wires and commercial 
fluorescent markers. 
 
Mitochondria imaging in live HeLa cells with Carbow2141 Mito (Fig. 6.4d) 
HeLa cells were cultured on a glass coverslip in a 4-well plate for 24 h, and 2 M 
Carbow2141 Mito was added in the media for 1 h at 37 °C. Cells were washed with PBS for 
three times before imaging. For co-localization, 100 nM MitoTracker Deep Red was used to 
stain mitochondria for 1 h.  
Lysosome imaging in live HeLa cells with Carbow2141 Lyso (Fig. 6.4e) 
4 M Carbow2141 Lyso was added to cells for 30 min at 37 °C. Cells were washed with 
PBS for three times before imaging. For co-localization, 100 nM LysoTracker Red (Invitrogen, 
L7528) was used to stain lysosome for 30 min.  
Plasma membrane imaging in live HeLa cells with Carbow2141 PM (Fig. 6.4f) 
Cell were incubated with 3 M Carbow2141 PM in the culture media for 20 min at 37 °C 
and were washed with PBS for three times before imaging. For co-localization, 0.5 g/mL 
CellMask Deep Red (Invitrogen, C10046) was used to stain cell membrane for 5 min.  
Endoplasmic reticulum imaging in live HeLa cells with Carbow2226 ER (Fig. 6.4g) 
Cells were incubated with 10 M Carbow2226 ER for 2 h at 37 °C. Cells were washed 
with PBS for three times before imaging. For co-localization, 1 M ERTracker Green 
(Invitrogen, E34251) was used to stain endoplasmic reticulum for 2 h. 
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Lipid droplets imaging in live HeLa cells with Carbow2202 LD (Fig. 6.4h) 
10 M Carbow2202 LD was added to cell media for overnight at 37 °C. Cells were 
washed with PBS for three times before imaging. For co-localization, 1 M Nile red (Invitrogen, 
N1142) was used to stain lipid droplets for 10 min. 
 
Fig. 6.S5 Excellent photo-stability of carbon-atom wires in live cell imaging. HeLa cells are 
incubated with 2 M Carbow2141 Lyso for 1 h, 4 M Carbow2141 Mito for 1 h or 10 M 
Carbow2202 LD for overnight. Cells are continuously imaged for 100 frames with nearly 




Table 6.1 Probes for 10-color organelle imaging in live cells. 

















10-color organelle-specific imaging in live Hela cells with carbon-atom wire probes (Fig. 6.4i 
and Table 6.1) 
HeLa cells were seeded on a glass coverslip in a 4-well plate with culture media for 24 h. 
Actin-GFP plasmids (Invitrogen, C10582) were transfected into cells for 48 h according to 
Invitrogen protocol. 10 M Carbow2202 LD was added in the culture media overnight at 37 °C. 






127 (Invitrogen, P3000MP) for 2 h, 2 M Carbow2086 Lyso, 4 M Carbow2062 Mito and 1 M 
SiR-tubulin (Cytoskeleton, CY-SC002) for 1 h, 3 M Carbow2141 PM and one drop of NucBlue 
for 20 min at 37 °C. 1 hour before imaging, cells were labeled with 5 M BODIPY TR Ceramide 
(Invitrogen D7540) and 0.1% Pluronic F-127 in Hanks’ buffered salt solution (HBSS, Invitrogen, 
14025) for 10 min at 37 °C. After the incubation, cells were washed with PBS solution twice, 
quickly immersed in 5 g/mL FM 4-64 HBSS solution (without magnesium or calcium) on ice 
for 1 minute before imaging. 
 
Fig. 6.S6 Minimal cytotoxicity of carbon-atom wires in live cells and phototoxicity of SRS 
lasers. Live and dead HeLa cell standards are verified with Live/Dead viability kit. All five 
organelle-targeted carbon-atom wires exhibit little cytotoxicity in live cells, as shown by two-
color imaging of Calcein-AM (green, live-cell marker) and EthD-1 (red, dead-cell marker). Also, 
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Minimal photo-toxicity is observed in cells with SRS illumination. After 15 frames of continuous 
SRS imaging at 2940 cm-1 (protein CH3) using the same laser power and dwell time in 
multiplexed live-cell imaging, the same region of cells show no observable cell death in the 
viability assays, compared to surrounding cells without SRS laser exposure. 
 
Cell viability assays (Fig. 6.S6) 
HeLa cells were incubated with organelle-targeted carbon-atom wires at specified 
conditions or illuminated by SRS lasers. Cell viability assays were then performed using 
Live/Dead viability/cytotoxicity kit for mammalian cells (Invitrogen, L3224) by incubating with 
2 M Calcein AM and 4 M EthD-1 working solution for 20 min at 37 °C. 
Spectral barcoding in polystyrene beads with super-multiplexed carbon-atom wires 
10 L 3.0 m polystyrene beads (10% in aqueous solution, Sigma, LB30) were mixed 
with 5 L Pluronic F-127 (20% in DMSO) and 85 L deionized water. Selected carbon-atom 
wires (in DMSO) were diluted to designated concentrations (Table 6.2 and 6.3) in a solution of 
100 L deionized water and 100 L THF (Sigma, 401757). The carbon-atom wire THF/water 
solution was then mixed with 100 L of bead and F-127 solution. After vortexing for 10 minutes, 
the mixture was further agitated on a shaker for 2 h at room temperature and then washed with 
deionized water for three times. For live-cell labeling, barcoded beads were incubated in 1 wt% 
poly-L-lysine aqueous solution (Mw=30000-70000, Sigma, P2636) for 30 min at room 




Fig. 6.S7 10 representative spectral barcodes in polystyrene beads by spontaneous Raman 
microscope. 5 carbon-atom wires (Carbow2141, Carbow2160, Carbow2183, Carbow2202 and 
Carbow2226) that are compatible with 532 nm excitation are used in spectral encoding (Table 
6.3) for spontaneous Raman measurement. 
 

































1111111111 7.3 7.2 3.4 3.0 12.8 4.0 23.6 9.2 25.5 42.5 
 
1212121212 7.9 15.0 3.6 8.1 14.4 11.0 22.7 20.9 13.2 85.7 
 
2101221012 14.3 7.0 0.0 2.8 25.3 7.8 22.3 0.0 34.4 83.6 
 
0121001210 0.0 7.2 7.0 2.9 0.0 0.0 23.1 18.6 15.4 0.0 
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11111 15.3 57.7 31.2 51.9 93.2 
22222 29.4 111.1 60.2 100.0 179.5 
01210 0.0 59.1 64.0 26.6 0.0 
12121 16.6 113.6 30.8 127.8 91.9 
21112 32.7 56.1 30.4 50.5 181.5 
12221 16.6 113.6 61.5 102.2 91.8 
21012 32.7 56.1 0.0 84.2 181.4 
21212 29.8 56.3 61.0 25.3 181.9 
22022 23.6 111.6 0.0 167.5 180.5 
22122 29.4 111.1 30.1 125.0 179.6 
 
 
Fig. 6.S8 Hyperspectral SRS imaging of encoded beads in live cells. Bright-field image shows 
the spatial distribution of unidentified beads in cells. Consecutive SRS imaging at characteristic 




Live-cell tagging with spectral barcoded beads 
HeLa cells were seeded on a glass coverslip in a 4-well plate with culture media for 24 h. 
Cell were incubated with barcoded beads for 24 h before spontaneous Raman measurement (Fig. 
6.5c) or SRS imaging (Fig. 6.5d and Fig. 6.S8). A custom MATLAB program was used to 
decode the spectral barcodes of beads in the whole field of view based on the hyperspectral SRS 
images.  
 
Fig. 6.S9 Frequency encryption with carbon-atom wires for identity security and anti-
counterfeiting. Microscopic Columbia logos on PDMS look similar in the bright-field images 
and hyperspectral SRS images reveal the true identity of both logos in the frequency domain. For 




Fabrication of microscopic pattern and frequency encryption with super-multiplexed 
carbon-atom wires 
Poly(methyl methacrylate) (PMMA, 495K A4 + 950K A9, MicroChem) was spin coated 
onto Si/SiO2 substrate and baked at 170 °C for 10 min. The substrate was exposed to e-beam 
lithography and a solution of developer to generate the microscopic pattern of Columbia logo. 
The polydimethylsiloxane (PDMS) precursor was prepared using Sylgard 184 Silicone 
Elastomer Kit (Fisher, NC9644388). Elastomer and curing agent (10:1 ratio) were mixed and 
poured onto the patterned Si/SiO2 substrate. After heating at 80 °C for 1 h, the PDMS pattern 
was peeled off from the substrate.  
Frequency encryption was carried out by immersing the PDMS with Columbia logo in 
ethanol solution (Fisher, BP2818) with specified carbon-atom wires (0.2-1.2 mM) as security 
codes at room temperature overnight. After ethanol evaporation, the pattern was rinsed with 
deionized water before imaging (Fig. 6.S9). 
6.4.2 Materials 
General Information 
All reagents and solvents were purchased from Sigma-Aldrich and Fisher Scientific and 
were used without further purification, unless otherwise stated. Flash chromatography was 
performed on silica gel (Silicycle, 40-63 µm). TLC was performed on 5 mm E. Merck silica 
plates (60F-254) and visualized by UV light or potassium permanganate (KMnO4) or ceric 
ammonium molybdate (CAM) stain. 
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Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker 500 (500MHz) or 
Bruker 400 (400 MHz) Fourier Transform (FT) NMR spectrometers at Columbia University, 
Chemistry Department. NMR spectra were calibrated using residual undeuterated solvent (1H: δ 
7.26 for CDCl3, δ 3.31 for MeOH-d4, δ 2.50 for DMSO-d6; 
13C: δ 77.16 for CDCl3, δ 49.0 for 
MeOH-d4, δ 39.50 for DMSO-d6). The following abbreviations were used to explain 
multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad. High 
resolution mass spectra (HRMS) were recorded on a XEVO G2-XS Waters mass spectrometer 
equipped with a QTOF detector with multiple inlet and ionization capabilities. UV-Vis 
absorption spectra were measured on a Tecan infinite 200 using 96-well plates.  
Synthesis of Carbow diynes 
Carbow2226 
 
A solution of CuCl (100 mg, 1.0 mmol) and TMEDA (300 L, 2.0 mmol) in acetone (5 
ml) was bubbled with air for 10 mins at rt, then a mixture of 4-ethynylbenzyl alcohol (264 mg, 
2.0 mmol) and phenylacetylene (0.66 ml, 6.0 mmol) in CH2Cl2 (3 ml) were added and continued 
to stir with air at rt for 2 h. The solvent was evaporated at reduced pressure and the residue was 
subjected to chromatography to obtain Carbow2226 (312 mg, 67%) as a white solid. 
1H NMR (400 MHz; CDCl3): δ 7.55-7.50 (m, 4H), 7.40-7.30 (m, 5H), 4.69 (s, 2H), 1.92 (br, 1H); 
13C NMR (100 MHz, CDCl3): δ 142.2, 132.8, 132.6, 129.3, 128.6, 126.9, 121.9, 121.0, 81.7, 81.5, 
74.1, 74.0, 64.9; HRMS (ASAP): calcd for C17H12O
+ [M]+ 232.0888, found 232.0889. 
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The other Carbow diynes were prepared using the same procedures as Carbow2226. 
 
1H NMR (400 MHz; CDCl3): δ 3.78-3.68 (m, 4H), 2.52 (t, J = 6.2 Hz, 4H), 2.17 (br, 2H);
 13C 
NMR (100 MHz, CDCl3): δ 74.8, 66.9, 60.9, 23.7; HRMS (ASAP): calcd for C8H11O2
+ [M+H]+ 
139.0759, found 139.0760. 
 
1H NMR (400 MHz; MeOH-d4): δ 4.19 (s, 4H); 
13C NMR (100 MHz, MeOH-d4): δ 78.8, 69.4, 
50.9; HRMS (ASAP): calcd for C12H12O4
+ [2M]+ 220.0736, found 220.0726. 
 
1H NMR (400 MHz; CDCl3): δ 7.50-7.45 (m, 2H), 7.37-7.27 (m, 3H), 3.84-3.75 (m, 2H), 2.64 (t, 
J = 6.2 Hz, 2H), 1.96 (br, 1H); 13C NMR (100 MHz, CDCl3): δ 132.7, 129.2, 128.5, 121.8, 81.1, 
75.5, 74.1, 66.9, 60.9, 24.1; HRMS (ASAP): calcd for C12H11O
+ [M+H]+ 171.0810, found 
171.0805. 
 
1H NMR (400 MHz; CDCl3): δ 7.52-7.46 (m, 2H), 7.39-7.28 (m, 3H), 4.43 (s, 2H), 2.28 (br, 1H);
 
13C NMR (100 MHz, CDCl3): δ 132.7, 129.4, 128.5, 121.5, 80.6, 78.7, 73.3, 70.5, 51.7; HRMS 
(ASAP): calcd for C11H7




1H NMR (400 MHz, DMSO-d6): δ 7.18 (d, J = 8.4 Hz, 2H), 6.53 (d, J = 8.4 Hz, 2H), 5.65 (br, 
2H), 4.21 (d, J = 6.0 Hz, 2H); HRMS (ASAP): calcd for C11H8N
+ [M-OH]+ 154.0657, found 
154.0664. 
 
1H NMR (400 MHz; CDCl3): δ 7.29 (d, J = 8.4 Hz, 2H), 6.59 (d, J = 8.4 Hz, 2H), 3.86 (br, 2H), 
1.30 (s, 9H); 13C NMR (100 MHz, CDCl3): δ 147.2, 134.1, 114.7, 111.3, 91.4, 72.2, 64.2, 53.5, 
30.7, 28.4; HRMS (ASAP): calcd for C14H16N
+ [M+H]+ 198.1283, found 198.1277. 
 
1H NMR (400 MHz; CDCl3): δ 7.56-7.48 (m, 2H), 7.38-7.30 (m, 5H), 6.59 (d, J = 8.4 Hz, 2H), 
3.89 (br, 2H); 13C NMR (100 MHz, CDCl3): δ 147.7, 134.2, 132.5, 128.9, 128.5, 122.3, 114.7, 
110.7, 82.9, 80.9, 74.6, 72.2; HRMS (ASAP): calcd for C16H12N
+ [M+H]+ 218.0970, found 
218.0976. 
 
1H NMR (500 MHz, CDCl3): δ 7.60-7.45 (m, 4H), 7.43-7.27 (m, 5H), 4.72 (s, 2H); HRMS 
(ASAP): calcd for 12C15
13C2H12O




1H NMR (400 MHz; CDCl3): δ 7.58-7.49 (m, 2H), 7.40-7.31 (m, 4H), 7.19-7.13 (m, 1H), 6.72-
6.66 (m, 2H), 4.32 (br, 2H); 13C NMR (100 MHz, CDCl3): δ 82.9 (d, J = 784.8 Hz), 73.9 (d, 
J = 784.8 Hz); HRMS (ASAP): calcd for 12C14
13C2H12N
+ [M+H]+ 220.1037, found 220.1035. 
 
1H NMR (400 MHz; CDCl3): δ 7.56-7.46 (m, 2H), 7.41-7.28 (m, 5H), 6.60 (d, J = 8.4 Hz, 2H), 
3.89 (br, 2H); 13C NMR (100 MHz, CDCl3): δ 81.0 (d, J = 782.8 Hz), 74.4 (d, J = 782.8 Hz); 
HRMS (ASAP): calcd for 12C14
13C2H12N
+ [M+H]+ 220.1037, found 220.1038. 





To a solution of phenylacetylene (1.32 mL, 12.0 mmol) in acetone (40 ml) was added N-
bromosuccinimide (2.24 g, 12.6 mmol) and AgNO3 (204 mg, 1.2 mmol). The reaction mixture 
was stirred 2 h at rt. Then, the mixture was filtered under reduced pressure, and the filtrate was 
159 
 
poured into H2O (50 mL). The product mixture was extracted with petroleum ether (3 × 30 mL). 
The combined organic layer was washed with brine and dried over MgSO4, The solvent was 
concentrated under reduced pressure and the residue was purified by column chromatography to 
afford the phenylacetylene bromide product S1 as a colorless liquid. 
A mixture of the above phenylacetylene bromide S1 (2.09 g, 11.6 mmol), CuI (66.4 mg, 
0.35 mmol), and Pd(PPh3)2Cl2 (0.24 g, 0.35 mmol) in a 100 mL three-neck flask was degassed 
and refilled with N2. After this procedure was repeated three times, triethylamine (55 mL) and 
(trimethylsilyl)acetylene (2.45 mL, 17.4 mmol) were added with syringe. The reaction solution 
was stirred at 50 oC for 2 h, then the solvent was evaporated under reduced pressure, and the 
residue was further purified by column chromatography with petrol ether as the eluent to afford 
S2 (1.47 g, 64%) as a yellow liquid. 
1H NMR (400 MHz, CDCl3): δ 7.52-7.48 (m, 2H), 7.40-7.30 (m, 3H), 0.25 (s, 9H); 
13C NMR 
(100 MHz, CDCl3): δ 132.8, 129.4, 128.5, 121.6, 90.8, 88.0, 76.9, 74.3, -0.2; HRMS (ASAP): 
calcd for C13H14Si
+ [M]+ 198.0865, found 198.0873. 
 
To a solution of 4-ethynylbenzyl alcohol (132 mg, 1.0 mmol) in acetone (8 ml) was 
added N-bromosuccinimide (187 mg, 1.05 mmol) and AgNO3 (17.2 mg, 0.10 mmol). The 
reaction mixture was stirred 3 h at rt. Then, the mixture was filtered under reduced pressure, and 
the filtrate was poured into H2O (10 mL). The product mixture was extracted with ethyl ether (3 
× 10 mL). The combined organic layer was washed with brine, dried over MgSO4, and 
160 
 
concentrated under reduced pressure. The resulting residue was purified by flash 
chromatography to obtain compound S3 (177 mg, 84%) as a white solid. 
1H NMR (400 MHz, CDCl3): δ 7.43 (d, J = 8.0 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 4.67 (s, 2H), 
1.92 (br, 1H); 13C NMR (100 MHz, CDCl3): δ 141.6, 132.3, 126.9, 122.0, 80.0, 64.9, 49.9; 
HRMS (ASAP): calcd for C9H6Br
+ [M-OH]+ 192.9653, found 192.9658. 
 
To a solution of S2 (30 mg, 0.15 mmol) in CH2Cl2-MeOH (1:1, 2 mL) was added K2CO3 
(83 mg, 0.60 mmol). After the mixture was stirred at room temperature for 1 h, H2O was added 
and the mixture was extracted with ether. The organic phase was dried over Na2SO4 and the 
solvent was evaporated under reduced pressure. The residue S4 was diluted with toluene (2 mL) 
and cooled to 0 °C. CuCl (5.2 mg, 0.05 mmol), NH2OH·HCl (7.0 mg, 0.10 mmol) and BuNH2 
(60 L, 0.6 mmol) were added in order. Alkynyl bromide S3 (32 mg, 0.15 mmol) was diluted 
with 1 mL toluene and was added dropwise to the mixture. The reaction mixture was allowed to 
warm to room temperature and stirred for 10 h. The reaction was quenched with H2O and 
extracted with ether. The organic layer was washed with H2O and dried with MgSO4. After the 
solvent was removed by rotovap, the product was purified by column chromatograph on silica to 
obtain Carbow2183 (21 mg, 54%) as a yellow solid. 
1H NMR (400 MHz, CDCl3): δ 7.58-7.48 (m, 4H), 7.43-7.37 (m, 1H), 7.37-7.30 (m, 4H), 4.72 (s, 
2H); 13C NMR (100 MHz, CDCl3): δ 142.6, 133.2, 133.0, 129.7, 128.5, 126.8, 121.0, 120.1, 78.6, 
78.5, 74.5, 74.4, 66.5, 66.5, 64.8; HRMS (ASAP): calcd for C19H12O




The other Carbow triynes were prepared using the same procedures as Carbow2183. 
 
1H NMR (400 MHz; CDCl3): δ 7.55-7.50 (m, 2H), 7.40-7.30 (m, 5H), 6.58 (d, J = 8.4 Hz, 2H), 
3.95 (br, 2H); 13C NMR (100 MHz, CDCl3): δ 148.1, 134.8, 133.0, 129.6,  128.6, 121.4, 114.7, 
109.7, 80.1, 78.4, 74.9, 72.9, 67.4, 65.9; HRMS (ASAP): calcd for C18H11N
+ [M]+ 241.0891, 
found 241.0876. 
 
1H NMR (500 MHz, CDCl3): δ 7.56-7.50 (m, 4H), 7.42-7.30 (m, 5H), 4.72 (s, 2H); 
13C NMR 
(125 MHz, CDCl3): δ 66.6; HRMS (ASAP): calcd for 
12C17
13C2H12O
 [M]+ 258.0955, found 
258.0946. 
 
1H NMR (400 MHz; CDCl3): δ 7.56-7.50 (m, 2H), 7.41-7.29 (m, 5H), 6.58 (d, J = 8.4 Hz, 2H), 
3.95 (br, 2H); 13C NMR (100 MHz, CDCl3): δ 66.8, 66.4; HRMS (ASAP): calcd for 
12C16
13C2H11N
+ [M]+ 243.0959, found 243.0952. 







A solution of CuCl (120 mg, 1.2 mmol) and TMEDA (360 L, 2.4 mmol) in acetone (7 
ml) was bubbled with air for 10 mins at rt, then the mixture of (trimethylsilyl)acetylene (1.01 mL, 
7.2 mmol) and 4-ethynylbenzyl alcohol (317 mg, 2.4 mmol) in CH2Cl2 were added and 
continued to stir with air at rt for 2 h, then concentrated at reduced pressure. The residue was 
subjected to chromatography to give compound S5 (339 mg, 62%) as a yellow solid. 
1H NMR (400 MHz; CDCl3): δ 7.47 (d, J = 8.0 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 4.67 (s, 2H), 
1.95 (br, 1H), 0.23 (s, 9H); 13C NMR (100 MHz, CDCl3): δ 142.3, 132.9, 126.9, 120.6, 90.8, 
87.9, 76.7, 74.3, 64.8, -0.3; HRMS (ASAP): calcd for C14H15Si
+ [M-OH]+ 211.0943, found 
211.1019. 
 
To a solution of S5 (100 mg, 0.44 mmol) and S2 (130 mg, 0.66 mmol) in CH2Cl2-MeOH 
(1:1, 6 mL) was added K2CO3 (243 mg, 1.76 mmol). After the mixture was stirred at room 
temperature for 1 h, H2O was added and the mixture was extracted with ether. The organic phase 
was dried over Na2SO4 and the solvent was evaporated under reduced pressure. The residue was 
used directly for next step. 
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A solution of CuCl (44 mg, 0.44 mmol) and TMEDA (132 L, 0.88 mmol) in acetone (5 
ml) was bubbled with air for 10 mins at rt, then the above mixture in CH2Cl2 were added and 
continued to stir with air at rt for 1 h, then concentrated at reduced pressure and purified by flash 
chromatography to obtain Carbow2141 (64 mg, 52%) as a yellow solid. 
1H NMR (400 MHz, CDCl3): δ 7.56-7.51 (m, 4H), 7.44-7.38 (m, 1H), 7.37-7.31 (m, 4H), 4.72 (s, 
2H), 1.78 (br, 1H); 13C NMR (100 MHz, CDCl3): δ 143.1, 133.5, 133.3, 130.1, 128.7, 126.9, 
120.7, 119.8, 77.9, 77.7, 74.6, 74.5, 67.4, 67.3, 64.9, 63.9, 63.8; HRMS (ASAP): calcd for 
C21H12O
+ [M]+ 280.0888, found 280.0876. 
The other Carbow tetraynes were prepared using the same procedures as Carbow2141. 
 
1H NMR (400 MHz, CDCl3): δ 7.74-7.53 (m, 8H); 
13C NMR (100 MHz, CDCl3): δ 133.4, 131.6 
(d, J = 32.8 Hz), 125.5 (q, J = 3.8 Hz), 124.3, 123.6 (d, J = 272.3 Hz), 76.3, 76.2, 68.0, 63.6; 
HRMS (ASAP): calcd for C22H8F6
+ [M]+ 386.0532, found 386.0542. 
 
1H NMR (400 MHz, CDCl3): δ 7.72 (d, J = 8.0 Hz, 4H), 7.69 (d, J = 8.0 Hz, 4H); 
13C NMR (100 
MHz, CDCl3): δ 133.8, 132.5, 127.0, 118.1, 111.2, 78.3, 75.3, 68.7, 63.57; HRMS (ASAP): calcd 
for C22H9N2
+ [M+H]+ 301.0766, found 301.0757. 
 
1H NMR (400 MHz, CDCl3): δ 7.58-7.50 (m, 2H), 7.45-7.38 (m, 1H), 7.38-7.31 (m, 2H), 7.12 (t, 
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J = 7.9 Hz, 1H), 6.95 (d, J = 7.6 Hz, 1H), 6.83 (t, J = 1.9 Hz, 1H), 6.72 (dd, J = 8.0, 2.4 Hz, 1H), 
3.74 (s, 2H); 13C NMR (100 MHz, CDCl3): δ 146.4, 133.2, 130.0, 129.5, 128.6, 123.7, 121.1, 
120.5, 118.8, 117.1, 78.1, 77.6, 74.5, 73.8, 67.3, 66.9, 63.8, 63.5; HRMS (ASAP): calcd for 
C20H12N
+ [M+H]+ 266.0970, found 266.0974. 
 
1H NMR (400 MHz, CDCl3): δ 7.57-7.52 (m, 2H), 7.51 (s, 3H), 7.43-7.38 (m, 1H), 7.38-7.32 (m, 
2H), 7.21 (s, 1H), 2.20 (s, 3H); HRMS (ASAP): calcd for C22H14NO
+ [M+H]+ 308.1075, found 
308.1073. 
 
1H NMR (400 MHz, CDCl3): δ 8.36 (s, 1H), 7.54 (d, J = 7.5 Hz, 2H), 7.50-7.30 (m, 4H), 6.77 (d, 
J = 8.6 Hz, 1H), 6.35 (s, 2H); 13C NMR (100 MHz, CDCl3): δ 145.2, 139.0, 133.2, 132.0, 130.0, 
128.6, 120.5, 119.1, 108.9, 77.9, 76.1, 74.4, 74.1, 67.4, 67.2, 63.9, 63.6; HRMS (ASAP): calcd 
for C20H11N2O2
+ [M+H]+ 311.0821, found 311.0815. 
 
1H NMR (400 MHz, CDCl3): δ 7.55 (d, J = 7.5 Hz, 2H), 7.47-7.29 (m, 4H), 7.19 (t, J = 7.7 Hz, 
1H), 6.68 (t, J = 7.7 Hz, 2H), 4.36 (s, 2H); 13C NMR (100 MHz, CDCl3): δ 150.9, 133.8, 133.2, 
131.5, 130.0, 128.6, 120.6, 118.1, 114.5, 104.5, 79.7, 78.1, 75.2, 74.5, 68.8, 67.2, 64.6, 63.6; 
HRMS (ASAP): calcd for C20H12N




1H NMR (400 MHz, CDCl3): δ 7.60-7.47 (m, 2H), 7.45-7.28 (m, 5H), 6.58 (d, J = 8.4 Hz, 2H), 
3.99 (br, 2H); 13C NMR (100 MHz, CDCl3): δ 148.3, 135.0, 133.1, 129.8, 128.5, 120.8, 114.6, 
108.9, 79.3, 77.5, 74.6, 73.0, 67.6, 66.8, 64.5, 63.5; HRMS (ASAP): calcd for C20H12N
+ [M+H]+ 
266.0970, found 266.0974. 
 
1H NMR (400 MHz, CDCl3): δ 7.58-7.48 (m, 2H), 7.47-7.29 (m, 5H), 6.64-6.53 (m, 2H), 3.02 (s, 
6H); HRMS (ASAP): calcd for C22H16N
+ [M+H]+ 294.1283, found 294.1276. 
 
1H NMR (400 MHz, CDCl3): δ 7.53 (d, J = 7.4 Hz, 2H), 7.46-7.30 (m, 3H), 7.05 (d, J = 8.0 Hz, 
1H), 6.92 (s, 1H), 6.59 (d, J = 8.1 Hz, 1H), 4.16 (s, 2H), 3.85 (s, 3H); HRMS (ASAP): calcd for 
C21H14NO
+ [M+H]+ 296.1075, found 296.1071. 
 
1H NMR (400 MHz, CDCl3): δ 7.65-7.59 (m, 4H), 7.44 (d, J = 8.4 Hz, 2H), 6.61 (d, J = 8.4 Hz, 
2H), 3.04 (s, 6H); HRMS (ASAP): calcd for C23H15N2
+ [M+H]+ 319.1235, found 319.1239. 
 
1H NMR (400 MHz, CDCl3): δ 7.57-7.50 (m, 4H), 7.44-7.38 (m, 1H), 7.37-7.31 (m, 4H), 4.72 (s, 
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2H), 1.73 (br, 1H); 13C NMR (100 MHz, CDCl3): δ 78.1 (d, J = 786.0 Hz), 74.3 (d, J = 786.0 
Hz); HRMS (ASAP): calcd for 12C19
13C2H12O
 [M]+ 282.0955, found 282.0951. 
 
1H NMR (500 MHz, MeOH-d4): δ 7.20 (d, J = 8.5 Hz, 4H), 6.61 (d, J = 8.5 Hz, 4H); HRMS 
(ASAP): calcd for C20H13N2
+ [M+H]+ 281.1079, found 281.1080. 
 
1H NMR (400 MHz, CDCl3): δ 7.40 (d, J = 8.5 Hz, 4H), 6.58 (d, J = 8.5 Hz, 4H), 3.00 (s, 12H); 
HRMS (ASAP): calcd for C24H21N2
+ [M+H]+ 337.1705, found 337.1696. 
 
1H NMR (400 MHz, MeOH-d4): δ 6.99 (dd, J = 8.1, 1.7 Hz, 2H), 6.94 (d, J = 1.7 Hz, 2H), 6.63 
(d, J = 8.1 Hz, 2H), 3.84 (s, 6H); 13C NMR (100 MHz, MeOH-d4): δ 146.3, 140.7, 127.6, 113.9, 
113.4, 106.8, 79.9, 71.4, 66.0, 63.8, 54.7; HRMS (ASAP): calcd for C22H17N2O2
+ [M+H]+ 
341.1290, found 341.1296. 
 
1H NMR (400 MHz, CDCl3): δ 7.56-7.50 (m, 4H), 7.45-7.39 (m, 1H), 7.38-7.30 (m, 4H), 4.72 (s, 
2H), 1.75 (br, 1H); HRMS (ASAP): calcd for 12C17
13C4H11




1H NMR (400 MHz, CDCl3): δ 7.61-7.47 (m, 2H), 7.45-7.29 (m, 5H), 6.65-6.51 (m, 2H), 3.98 
(br, 2H); HRMS (ASAP): calcd for 12C14
13C6H11N
+ [M]+ 271.1093, found 271.1093. 
 
1H NMR (400 MHz, CDCl3): δ 7.56-7.50 (m, 4H), 7.44-7.39 (m, 1H), 7.38-7.31 (m, 4H), 4.72 (s, 
2H), 1.73 (br, 1H); HRMS (ASAP): calcd for 12C15
13C6H11
 [M-OH]+ 269.1062, found 269.1116. 
 
1H NMR (400 MHz, CDCl3): δ 7.53 (d, J = 8.0 Hz, 2H), 7.42-7.30 (m, 5H), 6.58 (d, J = 8.0 Hz, 
2H), 3.97 (br, 2H); HRMS (ASAP): calcd for 12C14
13C6H11N
+ [M]+ 271.1093, found 271.1093. 
 
1H NMR (400 MHz, CDCl3): δ 7.53 (d, J = 8.0 Hz, 2H), 7.42-7.32 (m, 5H), 6.58 (d, J = 8.0 Hz, 
2H), 3.97 (br, 2H); HRMS (ASAP): calcd for 12C12
13C8H12N
+ [M+H]+ 274.1238, found 274.1222. 
 
1H NMR (400 MHz, CDCl3): δ 7.40 (dd, J = 8.8, 4.9 Hz, 4H), 6.59 (d, J = 8.8 Hz, 4H), 3.01 (s, 
12H); HRMS (ASAP): calcd for 12C16
13C8H21N2
+ [M+H]+ 345.1968, found 345.1971. 
































To a solution of S2 (48 mg, 0.24 mmol) in acetonitrile with an addition of H2O (18 L, 
1.0 mmol) was added AgF (30 mg, 0.24 mmol), and the mixture was stirred for 20 min. Next N-
bromosuccinimide (51 mg, 0.28 mmol) was introduced, and the mixture was stirred for 3 h. 
Acetonitrile was removed under reduced pressure and the residue was diluted with ethyl ether. 
The organic layer was washed with H2O and dried with MgSO4. The solvent was removed and 
the residue was further purified by column chromatography to give the pure product S6. 
A mixture of S6, CuI (4.4 mg, 0.024 mmol), and Pd(PPh3)2Cl2 (16.8 mg, 0.024 mmol) in 
a three-neck flask was degassed and refilled with N2. After this procedure was repeated three 
times, triethylamine (5 mL) and (trimethylsilyl)acetylene (47 mg, 0.48 mmol) were added with 
syringe. The reaction solution was stirred at 50 oC for 2 h, then the solvent was evaporated under 
reduced pressure, and the residue was further purified by column chromatography with petrol 
ether as the eluent to afford S7 (36 mg, 67%) as a yellow liquid. 
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1H NMR (400 MHz, CDCl3): δ 7.54-7.49 (m, 2H), 7.42-7.36 (m, 1H), 7.36-7.29 (m, 2H), 0.23 (s, 
9H); 13C NMR (100 MHz, CDCl3): δ 133.1, 129.8, 128.5, 120.8, 89.0, 88.1, 76.9, 74.3, 66.8, 
61.6, -0.5; HRMS (ASAP): calcd for C15H14Si
+ [M]+ 222.0865, found 222.0843. 
 
To a solution of S5 (32 mg, 0.14 mmol) in acetonitrile with an addition of H2O (18 L, 
1.0 mmol) was added AgF (18 mg, 0.14 mmol), and the mixture was stirred for 20 min. Next N-
bromosuccinimide (29 mg, 0.16 mmol) was added, and the mixture was stirred for 5 h. 
Acetonitrile was removed under reduced pressure and the residue was diluted with ethyl ether. 
The organic layer was washed with H2O, brine and dried with MgSO4. The solvent was removed 
and the residue was further purified by column chromatography to give S9 (24 mg, 73%). 
1H NMR (400 MHz, CDCl3): δ 7.49 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 4.69 (s, 2H);
 
13C NMR (100 MHz, CDCl3): δ 142.4, 133.0, 126.8, 120.2, 74.3, 73.9, 65.4, 64.8, 44.5; HRMS 
(ASAP): calcd for C11H6Br
+ [M-OH]+: 216.9653, found: 216.9661.  
 
To a solution of S7 (11 mg, 0.05 mmol) in CH2Cl2-MeOH (1:1, 1 mL) was added K2CO3 
(28 mg, 0.20 mmol). After the mixture was stirred at room temperature for 1 h, H2O was added 
and the mixture was extracted with ether. The organic phase was dried over Na2SO4 and the 
solvent was evaporated under reduced pressure. The residue S8 was diluted with toluene (1 mL) 
and cooled to 0 °C. CuCl (5.2 mg, 0.05 mmol), NH2OH·HCl (7.0 mg, 0.10 mmol) and BuNH2 
(60 L, 0.6 mmol) were added in order. Alkynyl bromide 19 (12 mg, 0.05 mmol) in toluene (1 
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mL) was added dropwise to the mixture. The reaction mixture was allowed to warm to rt and 
stirred for 10 h. The reaction was quenched with H2O and extracted with ether. The organic layer 
was washed with H2O, brine and dried with MgSO4. After the solvent was removed by rotovap, 
the product was purified by column chromatograph on silica to obtain Carbow2100 (7.1 mg, 
47%) as a yellow solid. 
1H NMR (400 MHz, CDCl3): δ 7.60-7.46 (m, 4H), 7.45-7.38 (m, 1H), 7.38-7.28 (m, 4H), 4.73 (s, 
2H); 13C NMR (100 MHz, CDCl3) δ 143.2, 133.6, 133.4, 130.2, 128.6, 126.8, 120.3, 119.3, 77.5, 
74.4, 74.4, 67.3, 67.3, 64.7, 64.5, 64.5, 62.8, 62.8; HRMS (ASAP): calcd for C23H12O
+ [M]+: 
304.0888, found: 304.0864. 
Carbow2036 was prepared using the same procedures as Carbow2100. 
 
1H NMR (400 MHz, CDCl3): δ 7.58-7.47 (m, 4H), 7.45-7.37 (m, 1H), 7.36-7.29 (m, 4H), 4.72 (s, 
2H); HRMS (ASAP): calcd for 12C17
13C6H12O
 [M]+ 310.1089, found 310.1090. 







A mixture of the diacetylene bromide S9 (29 mg, 0.12 mmol), CuI (2.2 mg, 0.012 mmol), 
and Pd(PPh3)2Cl2 (8.4 mg, 0.012 mmol) in a three-neck flask was degassed and refilled with N2. 
After this procedure was repeated three times, triethylamine (2 mL) and (trimethylsilyl)acetylene 
(24 mg, 0.24 mmol) were added with syringe. The reaction solution was stirred at 50 oC for 2 h, 
then the solvent was evaporated under reduced pressure, and the residue was further purified by 
column chromatography and the product S10 was dissolved in acetonitrile (1 mL). H2O (11 L, 
0.6 mmol) and AgF (15 mg, 0.12 mmol) were added and the mixture was stirred for 20 min. Next 
N-bromosuccinimide (27 mg, 0.15 mmol) was added, and the mixture was stirred for 5 h. 
Acetonitrile was removed under reduced pressure and the residue was diluted with ethyl ether. 
The organic layer was washed with H2O, brine and dried with MgSO4. The solvent was removed 
and the residue was further purified by column chromatography to give S11 (16 mg, 52%). 
1H NMR (400 MHz, CDCl3): δ 7.51 (d, J = 7.9 Hz, 2H), 7.33 (d, J = 7.9 Hz, 2H), 4.71 (s, 2H);
 
13C NMR (100 MHz, CDCl3) δ 142.9, 133.3, 126.8, 119.7, 75.6, 74.2, 67.2, 66.1, 64.7, 59.0, 
42.9; HRMS (ASAP): calcd for C13H6Br
+ [M-OH]+: 240.9653, found: 240.9647. 
 
Compound S8 was diluted with toluene (1 mL) and cooled to 0 °C. CuCl (5.2 mg, 0.05 
mmol), NH2OH·HCl (7.0 mg, 0.10 mmol) and BuNH2 (60 L, 0.6 mmol) were added in order. 
Alkynyl bromide S11 (13 mg, 0.05 mmol) in toluene (1 mL) was added dropwise to the mixture. 
The reaction mixture was allowed to warm to rt and stirred for 10 h. The reaction was quenched 
with H2O and extracted with ether. The organic layer was washed with H2O, brine and dried with 
172 
 
MgSO4. After the solvent was removed by rotovap, the product was purified by column 
chromatograph on silica to obtain Carbow2066 (6.8 mg, 42%) as a yellow solid. 
1H NMR (400 MHz, DMSO-d6): δ 7.67 (dd, J = 16.9, 7.6 Hz, 4H), 7.55 (t, J = 7.5 Hz, 1H), 7.45 
(t, J = 7.6 Hz, 2H), 7.38 (d, J = 8.0 Hz, 2H), 4.52 (s, 2H); 13C NMR (100 MHz, DMSO-d6) δ 
147.1, 134.1, 134.0, 131.9, 129.6, 127.2, 118.8, 116.7, 79.6, 79.2, 73.8, 73.5, 67.0, 66.9, 64.7, 
64.6, 64.0, 63.9, 63.5, 63.3, 62.8; HRMS (ASAP): calcd for C25H13O
+ [M+H]+: 329.0966, found: 
329.0944.  




1H NMR (400 MHz, DMSO-d6): δ7.68-7.59 (m, 4H), 7.57-7.50 (m, 1H), 7.48-7.35 (m, 4H), 4.50 
(s, 2H); HRMS (ASAP): calcd for 12C19
13C6H12O
 [M]+ 334.1089, found 334.1080. 
 
Synthesis of Carbow Lyso 
 
To Carbow2141 (8.4 mg, 0.03 mmol) in CH2Cl2 (1 ml) was added 1,1'-
carbonyldiimidazole (9.7 mg, 0.06 mmol) at rt. After the mixture was stirred at rt for 6 h, H2O 
was added and the mixture was extracted with CH2Cl2. The organic phase was dried over 
Na2SO4 and the solvent was evaporated under reduced pressure. The residue was dissolved in 
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CH2Cl2 (1 ml) and N,N-dimethylethylenediamine (6.6 L, 0.06 mmol) was added and continued 
to stir at rt for 20 h, then concentrated at reduced pressure and purified by flash chromatography 
to obtain Carbow2141 Lyso as a yellow solid (9.8 mg, 82%). 
1H NMR (400 MHz, CDCl3): δ 7.61-7.47 (m, 4H), 7.43-7.28 (m, 5H), 5.54 (br, 1H), 5.09 (s, 2H), 
3.35-3.25 (m, 2H), 2.49 (t, J = 5.6 Hz, 2H), 2.28 (s, 6H); 13C NMR (100 MHz, CDCl3) δ 156.3, 
139.0, 133.4, 133.3, 130.1, 128.7, 128.0, 120.6, 120.2, 77.8, 77.5, 74.8, 74.5, 67.4, 67.3, 65.9, 
63.8, 63.7, 58.2, 45.1, 38.2; HRMS (ESI): calcd for C26H23N2O2




1H NMR (400 MHz, CDCl3): δ 7.56-7.49 (m, 4H), 7.43-7.38 (m, 1H), 7.36-7.31 (m, 4H), 5.66 
(br, 1H), 5.10 (s, 2H), 3.35-3.27 (m, 2H), 2.57 (t, J = 5.6 Hz, 2H), 2.35 (s, 6H); HRMS (ESI): 
calcd for 12C22
13C4H23N2O2
+ [M+H]+: 395.1760, found: 395.1767.  
Synthesis of Carbow Mito 
 
To Carbow2226 (10.5 mg, 0.045 mmol) in CH2Cl2 (1 ml) was added 1,1'-
carbonyldiimidazole (11.2 mg, 0.068 mmol) at rt. After the mixture was stirred at room 
temperature for 3 h, H2O was added and the mixture was extracted with CH2Cl2. The organic 
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phase was dried over Na2SO4 and the solvent was evaporated under reduced pressure. The 
residue was dissolved in CH2Cl2 (1 ml) and (3-aminopropyl) triphenylphosphonium bromide (43 
mg, 0.09 mmol) was added and continued to stir at rt for 15 h, then concentrated at reduced 
pressure and purified by flash chromatography to obtain Carbow2226 Mito as a yellow solid (23 
mg, 78%). 
1H NMR (400 MHz; CDCl3): δ 7.79-7.69 (m, 8H), 7.67-7.60 (m, 6H), 7.53-7.46 (m, 3H), 7.43-
7.38 (m, 2H), 7.37-7.28 (m, 5H), 5.05 (s, 2H), 3.81-3.69 (m, 2H), 3.50-3.40 (m, 2H), 1.88-1.76 
(m, 2H); 13C NMR (100 MHz, CDCl3) δ 156.9, 138.8, 135.2 (d, J = 12.0 Hz), 133.6, 133.5, 
132.6, 130.6, 129.3, 128.5, 127.7, 121.8, 120.9, 117.8, 81.7, 81.6, 74.1, 74.0, 65.5, 40.4 (d, J = 
68.8 Hz), 22.8 (d, J = 15.2 Hz), 20.5; HRMS (ESI): calcd for C39H33NO2P+ [M-Br]+: 578.2249, 
found: 578.2249. 
 
To Carbow2141 (8.4 mg, 0.03 mmol) in CH2Cl2 (1 ml) was added 1,1'-
carbonyldiimidazole (9.7 mg, 0.06 mmol) at rt. After the mixture was stirred at room temperature 
for 6 h, H2O was added and the mixture was extracted with CH2Cl2. The organic phase was dried 
over Na2SO4 and the solvent was evaporated under reduced pressure. The residue was dissolved 
in CH2Cl2 (1 ml) and (3-aminopropyl) triphenylphosphonium bromide (20 mg, 0.05 mmol) was 
added and continued to stir at rt for 20 h, then concentrated at reduced pressure and purified by 
flash chromatography to obtain Carbow2141 Mito as a yellow solid (16 mg, 75%). 
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1H NMR (400 MHz; CDCl3): δ 7.80-7.60 (m, 14H), 7.57-7.49 (m, 3H), 7.44-7.28 (m, 7H), 5.05 
(s, 2H), 3.78-3.65 (m, 2H), 3.50-3.40 (m, 2H), 1.90-1.75 (m, 2H); 13C NMR (100 MHz, CDCl3) 
δ 156.9, 139.8, 135.2 (d, J = 12.0 Hz), 133.6, 133.5, 133.3 (d, J = 12.0 Hz), 130.6, 130.1, 128.6, 
127.7, 120.6, 119.6, 117.8, 77.9, 77.8, 74.5, 67.4, 67.3, 65.5, 63.8, 40.5 (d, J = 68.8 Hz), 22.8 (d, 
J = 15.2 Hz), 20.3; HRMS (ESI): calcd for C43H33NO2P+ [M-Br]+: 626.2249, found: 626.2252. 
Carbow2062 Mito 
 
1H NMR (400 MHz; CDCl3): δ 7.80-7.75 (m, 3H), 7.73-7.62 (m, 11H), 7.57-7.50 (m, 3H), 7.46-
7.30 (m, 7H), 5.06 (s, 2H), 3.70-3.60 (m, 2H), 3.49-3.40 (m, 2H), 1.88-1.78 (m, 2H); HRMS 
(ESI): calcd for 12C37
13C6H33NO2P
+ [M-Br]+: 632.2450, found: 632.2452.  
Synthesis of Carbow2141 PM 
 
Carbow2141 (168 mg, 0.6 mmol) was dissolved in THF (4 mL). The resulting solution 
was then added dropwise into a phosgene solution (0.90 mL, 1.2 mmol) at rt and was stirred for 
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24 h. The residual phosgene and solvent were then removed by high vacuum to produce a 
yellowish solid and it was dissolved in THF (2 mL) which was directly used for the subsequent 
reaction without further purification. 
To a mixture of 3-bromopropan-1-amine hydrobromide (263 mg, 1.2 mmol) and sodium 
carbonate (254 mg, 2.4 mol) in THF (4 mL) and water (3 mL) was added dropwise the above 
chloroformate at rt and then the reaction mixture was allowed to stir at rt for 1 h. The reaction 
mixture was diluted with ethyl ether then the organic layer was washed with brine and dried with 
MgSO4. After the solvent was removed by rotovap, the product was purified by column 
chromatograph on silica to obtain S12 (178 mg, 67%) as a yellow solid. 
1H NMR (400 MHz, CDCl3): δ 7.57-7.49 (m, 4H), 7.43-7.38 (m, 1H), 7.37-7.28 (m, 4H), 5.09 (s, 
2H), 4.92 (br, 1H), 3.43 (t, J = 6.4 Hz, 2H), 3.36 (q, J = 6.4 Hz, 2H), 2.13-2.03 (m, 2H); 13C 
NMR (100 MHz, CDCl3): δ 156.2, 138.7, 133.5, 133.3, 130.2, 128.7, 128.1, 120.6, 120.4, 77.9, 
74.9, 74.5, 67.5, 67.3, 66.1, 63.9, 63.7, 39.6, 32.5, 30.6; HRMS (ASAP): calcd for 
C25H18BrNO2
+ [M]+ 443.0521, found 443.0533. 
To a solution of S12 (22 mg, 0.05 mmol) in acetone (1 mL) was added NaI (75 mg, 0.50 
mmol). After the mixture was stirred at 60 oC for 12 h, H2O was added and the mixture was 
extracted with ether. The organic phase was dried over Na2SO4 and the solvent was removed 
under reduced pressure. The residue S13 was dissolved in THF (1 mL) and N,N,N',N'-
tetramethyl-1,3-propanediamine (42 L, 0.25 mmol) was added. The mixture was stirred at 50 
oC for 18 h. The solvent was removed by evaporation under reduced pressure and the crude 
product was washed several times with diethyl ether. This mono-charged intermediate was 
dissolved in CH3CN (1 mL) and CH3I (62 L, 1 mmol) was added to the solution. After stirring 
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the reaction mixture at 60 oC for 16 h, the solvent and CH3I was evaporated under reduced 
pressure to give a yellow solid Carbow2141 PM (16 mg, 43%). 
1H NMR (400 MHz, CD3OD): δ 7.60-7.54 (m, 4H), 7.50-7.45 (m, 1H), 7.44-7.36 (m, 4H), 5.12 
(s, 2H), 4.51 (s, 1H), 3.57-3.44 (m, 6H), 3.30-3.28 (m, 2H), 3.27 (s, 9H), 3.21 (s, 6H), 2.45-2.34 
(m, 2H), 2.10-2.00 (m, 2H); 13C NMR (100 MHz, CD3OD): δ 158.6, 141.1, 134.4, 134.2, 131.6, 
129.9, 128.9, 121.3, 120.8, 79.0, 78.6, 74.6, 74.3, 67.5, 67.2, 66.8, 64.3, 64.1, 63.7, 61.4, 54.8, 
54.3, 51.9, 38.8, 24.5, 19.0, 15.4; HRMS (ESI): calcd for C33H39N3O2
2+ [M-2I]2+ 254.6515, 
found 254.6528. 
Synthesis of Carbow2226 ER 
 
 
To a solution of Carbow2226 (70 mg, 0.3 mmol) in THF (3 mL) was added a phosgene 
solution (0.63 mL, 0.9 mmol) at rt and was stirred for 24 h. The residual phosgene and solvent 
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were then removed by high vacuum to produce a solid and it was dissolved in THF (2 mL) which 
was directly used for the subsequent reaction without further purification. 
To a mixture of glycine (68 mg, 0.9 mmol) and sodium carbonate (159 mg, 1.5 mol) in 
THF (2 mL) and water (1 mL) was added dropwise the above chloroformate at rt and then the 
reaction mixture was allowed to stir at rt for 2 h. The reaction mixture was quenched with 0.1 M 
HCl and diluted with ethyl ether. The organic layer was washed with brine and dried with 
MgSO4. After the solvent was removed by rotovap, the product was purified by column 
chromatograph on silica to obtain compound S14 (58 mg, 58%) as a white solid. 
1H NMR (400 MHz, CD3OD): δ 7.55-7.50 (m, 4H), 7.43-7.35 (m, 5H), 5.13 (s, 2H), 3.84 (s, 2H); 
13C NMR (100 MHz, CD3OD): δ 173.5, 158.9, 139.9, 133.5, 133.4, 130.5, 129.7, 128.8, 122.9, 
122.4, 82.3, 81.9, 74.5, 74.3, 67.0, 43.1; HRMS (ASAP): calcd for C20H14NO4
- [M-H]- 332.0923, 
found 332.0931. 
S14 (6.8 mg, 0.02 mmol) in DMF (1 mL) was treated with DIPEA (18 L, 0.1 mmol) and 
HATU (7.6 mg, 0.02 mmol) at rt. After 5 min, N-Boc-2,2'-(ethylenedioxy)-diethyl-amine (7.4 
mg, 0.03 mmol) was added. The mixture was stirred overnight at rt and the reaction was 
quenched by adding water. The product was extracted with DCM and dried with MgSO4. The 
solvent was concentrated on a rotary evaporator and the residue was purified on a silica gel 
column to give the coupling product S15, which was dissolved in TFA-CH2Cl2 (1:4, 1 mL). The 
reaction mixture was stirred for 1 h at rt and was concentrated to yield the amine product without 
further purification. The amine was dissolved in CH2Cl2 (1 mL) and cooled to 0 
oC. 
Triethylamine (28 L, 0.2 mmol) and pentafluorobenzoyl chloride (6 L, 0.04 mmol) was added. 
After the mixture was stirred at 0 oC for 1 h, H2O was added and the mixture was extracted with 
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CH2Cl2. The organic phase was dried over Na2SO4 and the solvent was removed under reduced 
pressure. The residue was further purified by column chromatography to afford Carbow2226 
ER (6.3 mg, 48%). 
1H NMR (400 MHz, CDCl3): δ 7.54-7.48 (m, 4H), 7.40-7.27 (m, 5H), 6.97 (br, 1H), 6.48 (br, 
1H), 5.61 (br, 1H), 5.08 (s, 2H), 3.81 (d, J = 5.8 Hz, 2H), 3.68-3.58 (m, 8H), 3.56-3.50 (m, 2H), 
3.45-3.40 (m, 2H); 13C NMR (100 MHz, CDCl3): δ 169.0, 157.8, 156.6, 137.4, 132.8, 132.6, 
129.4, 128.6, 128.0, 121.9, 121.8, 82.0, 81.1, 74.5, 73.9, 70.5, 70.4, 69.6, 69.5, 66.6, 44.6, 40.3, 
39.3; HRMS (APCI): calcd for C33H28F5N3O6Na
+ [M+Na]+ 680.1796, found 680.1791. 
Synthesis of Carbow2202 LD 
 
To a solution of methyl 11-bromoundecanoate S16 (852 mg, 2.9 mmol) in CH3CN (10 
mL) was added PPh3 (836 mg, 3.2 mmol). After the mixture was stirred at 85 
oC for 48 h, the 
solvent was removed by evaporation under reduced pressure and the residue was washed three 
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times with diethyl ether. The crude product S17 was dissolved in THF (10 mL) and NaNH2 (170 
mg, 4.3 mmol) was added at 0 oC. After stirring the reaction mixture at 0 oC for 30 min, 
benzaldehyde (0.35 mL, 3.5 mmol) was added and it was allowed to warm to rt and continued to 
stir at rt for 10h. H2O was added dropwise to quench the reaction and the mixture was extracted 
with Et2O, then the combined organic layers were washed with brine, dried over Na2SO4, and 
concentrated under reduced pressure. The residue was purified by column chromatography to 
afford S18 (468 mg, 56%).  
1H NMR (400 MHz, CDCl3): δ 7.38-7.20 (m, 5H), 6.45 (d, J = 11.6 Hz, 1H), 5.70 (dt, 
J = 11.8, 7.2 Hz, 1H), 3.70 (s, 3H), 2.41-2.30 (m, 4H), 1.75-1.60 (m, 2H), 1.52-1.43 (m, 2H), 
1.34-1.20 (m, 10H); 13C NMR (100 MHz, CDCl3): δ 174.4, 137.9, 133.3, 128.9, 128.2, 126.5, 
125.8, 51.5, 34.2, 30.0, 29.6, 29.5, 29.4, 29.3, 29.2, 28.7, 25.0; HRMS (APCI): calcd for 
C19H29O2
+ [M+H]+ 289.2168, found 289.2167. 
To a solution of S18 (173 mg, 0.6 mmol) in EtOAc (4 mL), 10% Pd/C catalyst (10 mg) 
was added. The reaction mixture was stirred under H2 atmosphere overnight at rt. The catalyst 
was removed by filtration through a pad of Celite, and the organic solvent was evaporated under 
reduced pressure. The crude product S19 was dissolved in CH2Cl2 (5 mL) then AgOTf (154 mg, 
0.6 mmol) and iodine (152 mg, 0.6 mmol) were added at rt. After stirring the reaction mixture at 
rt for 2 h, saturated sodium bisulfite solution was added and stirred at rt for 10 min. The mixture 
was extracted with ether and the organic layer was washed with H2O, brine and dried with 
MgSO4. The solvent was removed under reduced pressure and the residue was further purified 
by column chromatography to afford S20 (187 mg, 75%). 
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1H NMR (400 MHz, CDCl3): δ 7.60 (d, J = 8.0 Hz, 2H), 6.94 (d, J = 8.0 Hz, 2H), 3.69 (s, 3H), 
2.56 (t, J = 7.2 Hz, 2H), 2.33 (t, J = 7.2 Hz, 2H), 1.69-1.54 (m, 4H), 1.40-1.23 (m, 14H); 13C 
NMR (100 MHz, CDCl3): δ 174.3, 142.5, 137.3, 130.6, 90.6, 51.5, 35.5, 34.2, 31.3, 29.6, 29.5, 
29.4, 29.3, 29.2, 25.0; HRMS (ASAP): calcd for C19H30IO2
+ [M+H]+ 417.1290, found 417.1298. 
A mixture of aryl iodide S20 (166 mg, 0.4 mmol), CuI (7.6 mg, 0.04 mmol), and 
Pd(PPh3)2Cl2 (28 mg, 0.04 mmol) in a 25 mL three-neck flask was degassed and refilled with N2. 
After this procedure was repeated three times, triethylamine (5 mL) and 
(trimethylsilyl)acetylene-1,2-13C2 (60 mg, 0.6 mmol) were added with syringe. The reaction 
solution was stirred at 40 oC for 2 h, then the solvent was evaporated under reduced pressure. 
The residue was further purified by column chromatography to give the pure product S21 which 
was dissolved in MeOH (4 mL) and K2CO3 (138 mg, 1.0 mmol) was added. After the mixture 
was stirred at room temperature for 3 h, H2O was added and the mixture was extracted with ether. 
The organic phase was dried over Na2SO4 and the solvent was evaporated under reduced 
pressure. The residue was purified by column chromatography to afford S22 (91 mg, 72%). 
1H NMR (400 MHz, CDCl3): δ 7.40 (dd, J = 5.4, 7.8 Hz, 2H), 7.13 (d, J = 7.8 Hz, 2H), 3.67 (s, 
3H), 3.03 (dd, J = 52.2, 248.4 Hz, 1H), 2.60 (t, J = 7.6 Hz, 2H), 2.30 (t, J = 7.6 Hz, 2H), 1.65-
1.54 (m, 4H), 1.35-1.24 (m, 14H); 13C NMR (100 MHz, CDCl3): δ 174.4, 144.1, 132.1 (t, 
J = 8.4 Hz), 128.5 (d, J = 21.4 Hz), 119.7 (d, J = 55.2 Hz), 84.0 (d, J = 698.2 Hz), 76.4 (d, 
J = 698.2 Hz), 51.5, 36.0, 34.2, 31.3, 29.6, 29.5, 29.4, 29.3, 29.2, 25.1; HRMS (ASAP): calcd for 
12C19
13C2H31O2
+ [M+H]+ 317.2392, found 317.2401. 
A solution of CuCl (5.0 mg, 0.05 mmol) and TMEDA (15 L, 0.10 mmol) in acetone (1 
ml) was bubbled with air for 10 mins at rt, then the mixture of S22 (16 mg, 0.05 mmol) and 
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phenylacetylene (22 l, 0.2 mmol) in CH2Cl2 (1 ml) were added and continued to stir with air at 
rt for 1 h. The solvent was evaporated at reduced pressure and the residue was further purified by 
column chromatography to give the pure S23, which was dissolved in THF-MeOH (2:1, 0.9 mL) 
and 3.0 M KOH (0.1 mL, 0.3 mmol) was added. After the mixture was stirred at room 
temperature for 1 h, 1.0 M HCl was added and the mixture was extracted with ether. The organic 
phase was dried over Na2SO4 and the solvent was evaporated. The residue was purified by 
column chromatography to afford Carbow2202 LD (11.6 mg, 55%).  
1H NMR (400 MHz; CDCl3): δ 7.56-7.49 (m, 2H), 7.47-7.41 (m, 2H), 7.39-7.30 (m, 3H), 7.15 (d, 
J = 8.0 Hz, 2H), 2.60 (t, J = 7.6 Hz, 2H), 2.35 (t, J = 7.6 Hz, 2H), 1.69-1.53 (m, 4H), 1.37-1.23 
(m, 14H); 13C NMR (100 MHz, CDCl3) δ 179.6, 144.8, 132.6, 132.5, 129.2, 128.7 (d, 
J = 22.6 Hz), 128.5, 122.1 (d, J = 15.6 Hz), 119.0 (dd, J = 60.0, 364.0 Hz), 82.1 (d, 
J = 784.0 Hz), 73.3 (d, J = 784.0 Hz), 36.1, 34.1, 31.3, 29.6, 29.5, 29.4, 29.3, 29.2, 24.8; HRMS 
(ASAP): calcd for 12C26
13C2H31O2
- [M-H]- 401.2391, found 401.2402. 
Synthesis of 4-yne NHS ester 
 
4-yne (8.4 mg, 0.03 mmol) was dissolved in THF (1 mL). The resulting solution was then 
added dropwise into a phosgene solution (0.045 mL, 0.06 mmol) at rt and was stirred for 24 h. 
The residual phosgene and solvent were then removed by high vacuum to produce a yellowish 
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solid and it was dissolved in THF (1 mL) which was directly used for the subsequent reaction 
without further purification. 
To a mixture of 4-Aminobutanoic acid (6.2 mg, 0.06 mmol) and sodium carbonate (10.5 
mg, 0.1 mol) in THF (1 mL) and water (1 mL) was added dropwise the above chloroformate at rt 
and then the reaction mixture was allowed to stir at rt for 1 h. The reaction mixture was 
quenched with 0.1 M HCl and diluted with ethyl acetate. The organic layer was washed with 
brine and dried with MgSO4. After the solvent was removed by rotovap, the product S24 in 
CH2Cl2 (1 mL) were added DMAP (3.6 mg, 0.03 mmol), N-hydroxylsuccinimide (11.2 mg, 0.10 
mmol) and EDCI (11.5 mg, 0.06 mmol). After the mixture was stirred at rt for 24 h, H2O was 
added and the mixture was extracted with ether. The organic phase was dried over Na2SO4 and 
the solvent was evaporated under reduced pressure. The residue was purified by column 
chromatography to afford 4-yne NHS ester (8.6 mg, 57%). 
1H NMR (400 MHz, CDCl3): δ 7.56-7.50 (m, 4H), 7.43-7.29 (m, 5H), 5.09 (s, 2H), 3.32 (q, J = 
6.4 Hz, 2H), 2.82 (s, 4H), 2.66 (t, J = 7.2 Hz, 2H), 2.03-1.94 (m, 2H); 13C NMR (100 MHz, 
CDCl3): δ 169.2, 168.3, 156.3, 138.9, 133.5, 133.3, 130.2, 128.7, 128.0, 120.6, 120.3, 77.9, 77.5, 
74.8, 74.5, 67.5, 67.3, 66.1, 63.9, 63.7, 40.0, 28.5, 25.7, 25.0; HRMS (ASAP): calcd for 
C30H23N2O6
+ [M+H]+: 507.1556, found: 507.1560.  
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